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Visible  chemical  laser  amplifiers  have  been  generated  in  select 
wavelength  regions  near  527,  492,  and  460  nm  employing  the  highly  efficient 
and  selective  formation  of  sodium  dimer  electronically  excited  states  from  the 
sodium  trimer “halogen  atom  (X  =  Cl,Br,l)  reactions.  With  a  focus  to 
increasing  amplifier  gain  length  and  amplifying  medium  concentration,  an 
extended  path  length  slit  source  device  has  been  constructed  which  creates 
intersecting  alkali  and  halogen  sheaths  forming  the  basis  for  the  development 
of  a  visible  chemical  laser  oscillator.  This  device  has  now  revealed  the 
first  Raman  pumping  resulting  entirely  from  a  chemical  reaction,  the  process 
being  observed  in  the  absence  of  an  external  light  source.  Extrapolations  on 
the  Nao“X  amplifier  concept  involving  Group  IIA  metal  “  F,C1  reactions  are 
considered.  Very  near  resonant  energy  transfers  from  selectively  formed 
metastable  states  of  SiO  to  receptor  alkali  atoms  form  sodium  or  potassium 
atom  laser  amplifiers,  resulting  in  a  gain  condition  at  A  =  569,  616,  819,  and 
581  nm.  These  results  form  the  basis  for  full  cavity  oscillation  in  the  Na 
system  at  569  nm.  Silane  based  thermolysis,  thermolysis  -  discharge,  and 
thermolysis  -  photolysis  sources  of  SiO  metastables  have  been  developed  and 
have  been  used  to  pvunp  atomic  sodium  and  molecular  bromine.  The  thermolysis 
sources  form  highly  reproducible  SiO  fluxes.  The  efficient  energy  transfer 
pumping  of  potential  amplifying  transitions  in  the  lead  (Pb),  copper  (Cu),  and 
tin  (Sn)  systems  is  outlined. 
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Forevord 

We  have  developed  a  wealth  of  evidence  to  suggest  that  surprisingly 
efficient  collision  induced  energy  transfers  and  collisional  stabilization  can 
be  ascribed  to  small  molecules  and  atoms  present  at  elevated  energies  in  high 
stress  non-equilibri\jm  environments.  Apparent  energy  transfer  and 
stabilization  rates,  which  in  some  cases  would  appear  to  defy  conventional 
kinetic  models,  are  far  in  excess  of  those  normally  associated  with  the  lowest 
vibrational-rotational  levels  of  molecules  and  systems  in  their  lowest  or 
ground  states  at  room  temperature.  This  project  has  attempted  to  take 
advantage  of  these  characteristics  with  a  focus  toward  the  development  of  the 
first  visible  chemical  laser  amplifiers  and  oscillators.  Two  novel  approaches 
to  form  electronically  inverted  molecular  diatomic  and  atomic  configurations 
making  use  of  (1)  highly  efficient  and  selective  fast  "electron  jump"  reactive 
encounters,  and  (2)  highly  efficient  near  resonant  electronic  energy  transfer, 
have  been  employed  to  produce  amplification  and  oscillation  and  to  reveal 
several  unusual  characteristics  of  these  inherently  high  temperature 
environments . 

A  primary  approach  to  continuous  visible  chemical  laser  development  has 
been  signaled  by  the  successful  production  of  visible  chemical  laser 
amplifiers  using  the  highly  efficient  and  selective  formation  of  sodium  dimer, 
excited  states  from  the  fast  sodium  trimer -halogen  atom  (M3  -  X(Cl,Br,l) 
reactions.  These  chemical  laser  amplifiers  have  employed  the  extremely  high 
cross  section  Na^^  (n=2,3)-X(Cl,Br,l)  reactions  to  create  a  continuous 
electronic  population  inversion  based  on  the  chemical  pumping  of  sodium  dimer 
(Na2).  Optical  gain  through  stimulated  emission  has  been  demonstrated  in 
select  regions  close  to  527,  492,  and  460  nm.  A  model,  under  development, 
which  evokes  the  vibrational  and  rotational  selectivity  inherent  to  a 
dissociative  ionic  recombination  process  (Na3'''  +  X  ->  Na2  +  NaX)  in 
correlation  with  the  coupling  between  select  sodium  dimer  excited  states, 
appears  to  provide  a  semiquantitative  explanation  of  the  observed  behavior. 

An  assessment  of  the  manner  in  which  gain  is  generated  in  these  fast 
reactive  encounters  has  suggested  that  a  considerable  enhancement  of  the 
amplification  can  be  obtained  with  a  versatile  long-path  length  source 
configuration.  The  considered  amplifiers  are  therefore  being  optimized  with  a 
focus  to  increasing  amplifier  gain  length  and  amplifying  medium  concentration 
using  an  upscaled  device  which  has  been  designed  1  o  allow  the  ready  movement 
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of  extended  path  length  alkali  trimer  and  halogen  atom  slit  sources  relative 
to  each  other,  creating  adjustable  intersecting  reactive  alkali  and  halogen 
atom  flows.  The  controlled  intersection  of  these  reacting  sheaths  forms  an 
extended  reaction  -  amplification  zone.  It  is  this  extended  gain  zone  which 
we  are  employing  to  convert  the  created  amplifiers  to  visible  chemical  laser 
oscillators.  With  this  focus  to  the  development  of  a  long  path  length 
ajnplifying  medium  employing  the  trimer  reactions,  we  have  observed  the  first 
resonance  Raman  pumping  of  Na2  in  the  absence  of  an  external  light  source. 

Here,  the  Na  D-line  emission  which  results  from  the  Na2-Br  reaction  is 
scattered  by  sodium  dimers  cooled,  in  supersonic  expansion,  so  as  to  populate 
the  lowest  vibrational  levels  of  the  Na2  ground  electronic  state.  An  initial 
analysis  suggests  that  we  have  observed  the  manifestation  of  resonance  Raman 
progressions,  however,  the  time  scale  for  the  Raman  process  may  be 
considerably  shorter  than  anticipated  suggesting  a  surprisingly  large  cross 
section.  This  suggests  a  further  long  range  interaction  of  the  excited  Na  P 
atoms  with  those  Na2  molecules  which  are  Raman  pumped.  We  are  beginning  to 
observe  the  manifestation  of  significant  and  surprising  interactions.  In 
concert  with  obseinrations  made  on  a  number  of  additional  systems,  the  current 
observations  suggest  that  the  Na^j-X  reaction  systems  may  also  behave  in 
response  to  a  highly  efficient  funneling  of  the  reaction  energy  via  diffuse 
reactant  and  product  electron  density  and  that  their  study  can  serve  as  a 
model  for  more  complex  systems. 

This  report  also  suggests  and  begins  to  demonstrate  extrapolations  on  the 
sodium  trimer-halogen  atom  systems  including  the  potential  excimer  forming  M3 
(M=Mg,Ca,Sr,Ba)  -  F  (Cl)  reactions.  Initial  results  for  the  Mg^  (x=2,3)  -  F 
atom  reactions  are  reported.  Further,  the  course  of  these  studies  has  also 
lead  to  a  remarkable  discovery  concerning  the  stabilization  of  high 
temperature  complexes.  Through  a  combination  of  single  and  multiple  collision 
chemiluminescence  (CL)  and  laser  induced  fluorescence  (LIF)  spectroscopy,  we 
have  demonstrated  the  astonishing  efficiency  with  which  a  high  temperature 
reaction  complex  can  be  stabilized.  We  have  obtained  clear  evidence  for  the 
stabilization  of  Group  IIA  MX2  (M=Ca,Sr,Ba,X=Cl,Br,l)  dihalide  complexes, 
formed  in  concert  with  direct  M  +  X2  ^  MX2*  reactive  encounters,  through  the 
extremely  long  range  interaction  with  an  additional  halogen  molecule.  The 
onset  of  the  monitored  R3BR  process  at  1  x  10"^  Torr  signals  an  enormous 
stabilization  cross  section  (o  >  5000  X^).  The  demonstrated  efficiency  is 
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certainly  not  explained  within  an  RBKM  framework,  again  suggesting  that  new 
models,  which  focus  on  long  range  energy  flow  as  opposed  to  fragmentation,  may 
be  necessary  to  explain  these  efficient  interactions.  The  data  from  this 
study  begins  to  reveal  a  much  broader  range  of  interaction  than  has  typically 
been  associated  with  the  collisional  stabilization  and  energy  transfer 
process.  The  enhanced  interaction  range  of  the  dihalide  complexes  may  also 
result  from  the  influence  of  a  diffuse  electron  density.  The  current  results 
focus  attention  on  the  potential  importance  of  collisionally  stabilized 
radiative  or  non-radiative  complexation  processes  at  elevated  temperatures. 
These  efficient  processes  may  influence  gas-surface  depositions  which  are  , 
strongly  dependent  upon  formation  of  the  gas  phase  constituency. 

We  also  present  the  results  of  studies  in  which  we  have  used  a  very  near 
resonant  energy  transfer  from  selectively  formed  metastable  states  of  SiO 
(a^E‘'',b^Il)  to  select  metal  atoms  in  order  to  form  sodium  and  potassium  atom 
based  laser  amplifiers  at  X  =  535,  417,  569,  616,  819,  and  581  nm.  Metastable 
SiO  has  also  been  used  to  pump  molecular  bromine.  The  metastable  triplet 
states  are  generated  in  high  yield  from  a  select  group  (Si-N20,  Si-N02)  of 
oxidation  reactions.  The  energy  stored  in  these  generated  triplet  states  is 
transferred  in  a  highly  efficient  electronic  energy  transfer  process  to  pump 
ground  state  Na,  and  K  atoms  to  select  excited  states.  So  efficient  are  these 
transfers  that  they  have  been  used  to  produce  super fluorescence  from  T1  and  Ga 
atoms  at  535  and  417  nm^^’^^  and  amplified  spontaneous  emission  (ASE)  from  Na 
atoms  at  569,  616,  and  819  nm  (Appendices  III  and  V).  Adopting  a  pumping 
sequence  in  which  a  premixed  Group  IVA  metalloid-receptor  atom  combination  is 
oxidized  we  have  demonstrated  full  cavity  oscillation  in  the  T1  (535  nm)^^>^^ 
and  Na  (569  nm  -  Appendices  III  and  V)  systems.  The  concepts  employed  to 
create  amplification  and  oscillation  in  these  systems  also  appear  applicable 
to  the  efficient  energy  transfer  pumping  of  potential  amplifying  transitions 
in  the  lead  (Pb),  copper  (Cu  -  analog  of  Cu  vapor  laser),  and  tin  (Sn) 
receptor  atoms . 

The  outlined  results,  obtained  with  an  oven  based  source  of  the  Group  IVA 
metalloid,  require  high  source  operating  temperatures  so  as  to  obtain 
substantial  Si  or  Ge  atomic  fluxes.  In  order  to  (1)  greatly  alleviate  the 
temperature  requirement  and  (2)  generate  higher  metalloid  concentrations  for 
the  pximping  of  appropriate  atomic  receptors,  we  have  also  been  concerned  with 
the  development  of  considerably  lower  temperature  silane  (SiH^)  based 


3 


thermolysis,  thermolysis^discharge,  and  thermolysis-photolysis  combination 
sources  as  a  means  of  generating  atomic  silicon.  These  partially  successful 
efforts  are  also  summarized  in  this  report. 

Curve  Crossings,  Electronic  Energy  Transfer  Collisions,  and  Efficient  Chemical 
Pumping 

”A  Highly  Efficient  and  Selective  Electron- Jump-Harpoon  Process” 

The  collision  dynamics  of  processes  proceeding  on  electronically  excited 
surfaces  is  fundamental  to  the  attainment  of  population  inversions  based  on 
electronic  transitions  in  the  visible  spectral  region.  *  A  particular 
subgroup  of  these  electronic  energy  transfer  processes  involves  metal  atoms  or 
molecules  of  low  ionization  potential.  These  species  react  very  efficiently 
with  atoms  or  molecules  of  significant  electron  affinity  via  what  is  termed 
the  electron  jump-harpoon  process.  It  is  this  process,  specifically  involving 
the  reaction  of  metal  trimers  and  forming  the  product  metal  dimer  and  metal 
halide,  that  may  represent  one  of  the  few  direct  chemical  routes  to  produce 
electronically  inverted  products.  The  alkali  trimer  molecule,  Na3,  readily 
provides  an  electron  to  harpoon  a  hungry  halogen  atom,  X,  producing  a  switch 
from  the  interaction  of  two  neutral  species  to  that  of  two  ions  (Na3  +  X  ). 
The  convergence,  crossing,  and  interaction  of  the  two  potentials  describing 
the  neutral  (covalent)  and  ionic  (coulombic)  constituencies  allows  an 
effective  switch  of  the  reactants  (curve  crossing).  For  Na3,  with  its  low 
ionization  potential,  the  curve  crossing  occurs  at  very  long  range  (>  loi) 
leading  to  a  high  cross  section  for  product  Na2  formation.  Based  upon  the 
experimental  results  obtained  thusfar  in  our  laboratory,  the  sodium  trimer 
reactions  show  not  only  vibrational  but  also  rotational  selectivity  as  they 
create  electronic  population  inversions  in  the  product  Na2.  Theoretical 
considerations  (see  also  following  sections)  would  suggest  that  these  trimer 

reactions  and  their  analogs  represent  key  processes  to  yield  electronically 
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inverted  products  in  direct  chemical  reaction.  * 

"Efficient,  Fast,  Intra-  and  Intermolecular  Energy  Transfer  Pumping" 


The  energy  transfer  based  approach  which  we  have  used  to  develop  the 


first  visible  chemical  laser  amplifiers  and  oscillators  has  relied  on  our 
belief  that  the  majority  of  successful  electronic  transition  chemical  lasers 
will  require  a  two-step  approach. Chemical  energy  must  be  produced  and 
stored  in  a  first  step  and  then  transferred  in  a  collision  induced  process  to 
an  appropriate  lasing  medium  in  a  second  step.  Following  this  scheme,  we  can 
attempt  to  produce  inversions  using  (1)  "ultrafast"  intramolecular  energy 
transfer  among  the  excited  electronic  states  of  small  diatomic  molecules  or 
(2)  fast  intermolecular  transfer  from  electronically  excited  metastable 
storage  states  to  readily  lasing  atomic  receptors.  Both  processes  inherently 
involve  the  curve  crossing  of  electronic  states  which  is  basic  to  the  creation 
of  a  highly  efficient  energy  transfer  route. 

Electronically  and  highly  vibrationally  excited  molecules,  with  their 
inherently  diffuse  electron  densities  and  large  amplitude  vibrational  motions 
simply  interact  more  effectively  than  do  grovmd  state  molecules  in  their 
lowest  vibrational-rotational  levels.  We  have  determined  that  several 
diatomic  metal  monoxides  including  silicon  and  germanium  oxide  display 
collision  induced  electronic-to-electronic  (E-E)^  ^  and  vibrational- 
to-electronic  (V-E)l°  intermolecular  energy  transfers  which  proceed  at  rates 
comparable  to  or  far  in  excess  of  gas  kinetic.  Transfers  from  metastable  to 
shorter  lived  excited  states  may  proceed  at  rates  which  approach  500  times  gas 
kinetic  (cross  sections  in  excess  of  4000  The  low-lying  electronic 

states  of  several  simple  high  temperature  molecules  (the  products  of  metal 
oxidation)  interact  with  a  collision  partner  which  induces  energy  transfer 
with  a  much  larger  impact  parameter  than  would  have  been  previously 
anticipated  on  the  basis  of  studies  involving  the  lowest  vibrational 
rotational  levels  of  their  ground  states.  In  a  sense,  we  are  dealing  with 
"pseudo-macromolecules"  which  display  many  of  the  characteristics  inherent  to 
Rydberg  states^ ^  with  their  large  transfer  and  relaxation  cross  sections.  In 
several  cases  the  rates  for  the  observed  transfers  may  be  comparable  to  the 
radiative  rates  associated  with  the  usually  shorter  lived  and  potentially 
useful  upper  levels  which  the  intramolecular  transfer  populates.  Rates  of 
this  magnitude,  properly  employed,  can  be  competitive  with  optical  pumping! 

At  some  point,  the  distinction  between  fast  intramolecular  energy 
transfer  processes,  correlating  with  electronic  state  couplings  and  the 
periods  of  molecular  vibrations  (rotations),  and  intermolecular  energy 
transfer,  governed  by  the  duration  of  collisions  with  electronically  excited 
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states,  is  indistinguishable.^*^  We  have  demonstrated  that  it  is  reasonable 
to  expect  certain  near  resonant  intermolecular  energy  transfers  to  proceed 
with  extremely  high  cross  sections. One  might  consider  that  an 
electronically  excited  molecule,  with  its  diffuse  electron  density,  has  the 
ability  to  send  out  more  feelers  or  interaction  lines  as  it  influences 
reaction  and  collision  partners.  The  increased  interaction  rates  which 
several  experiments  now  suggest  are  most  encouraging  for  the  development  of 
visible  chemical  lasers  from  energy  transfer  processes.  It  is  precisely  these 
very  exciting  results  which  we  have  already  made  use  of  in  the  initial 
development  of  several  systems. 

CONTINUOUS  CBIMICAL  LASER  AMPLIFIERS  IN  TBE  VISIBLE  REGION  BASED  Otl  HIGHLY 
EFFICIENT  AND  SELECTIVE  CHEMICAL  REACTIONS 

Formation  of  Amplifiers  (Oscillators)  Through  Direct  Chemical  Reaction 

Na2  chemical  laser  amplifiers  have  been  developed^^  in  our  laboratory 
employing  the  high  cross  section  Na^  (n  =  2,3)  ^  X(Cl,Br,l)  electron  jump 
reactions  to  create  a  continuous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Na2)*  Sodium  trimer  molecules  produced  in 
supersonic  expansion  (see  also  Appendices  I  and  IV)  are  reacted  with  halogen 
atoms  to  create  the  inversions  on  electronic  transitions  in  Na2*  Optical  gain 
through  stimulated  emission  has  been  demonstrated  in  select  regions  close  to 
527,  492,  and  460  nm  with  potential  extension  to  the  '\^395,  a,365,  and  a.350  nm 
regions.  The  observed  gain  (max.  of  A%  at  '^527  nm  corres.  to  8  x  10  /cm  for 
individual  rotational  levels  (see  following))  can  be  enhanced  considerably 
with  a  more  versatile  long  path  length  source  configuration.  The  development 
of  this  source  configuration  has  been  a  major  focus  of  our  efforts  over  the 
last  two  years. 

Electronically  Inverted  Na2  Produced  from  the  Na3  ~  X(Cl,Br,l)  Reactions 

Efficient  chemical  laser  oscillators  should  be  developed  from  the  high 
cross  section,  highly  exothermic  Na3  -  X  (Cl,Br,l)  reactions  which  select¬ 
ively  form  Na2*  in  a  limited  number  of  its  excited  electronic  states  (Fig. 
1(a)).  The  optical  signatures  for  the  processes 
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Figure  1(a)  Approximate  potential  curves  for  select  states  of  Na2. 

Figure  1(b)  Chemiluminescent  emission  resulting  from  the  reaction  Na^  +  X 
->  Nao  +  NaX  with  X  =  Br,I.  The  spectra  display  sharp  fluores¬ 
cence  features  in  the  visible  at  527,  492,  and  460.5  nm 
superimposed  on  a  broader  Na2  background  emission. 

Figure  1(c)  Comparison  of  (a)  observed  and  (b)  calculated  emission  spectra 
for  the  Na2  B-X  emission  system.  The  experimental  spectrum 
corresponds  to  the  chemilviminescence  from  the  Na2-Br  reaction. 
The  calculated  spectrum,  which  was  obtained  for  a  rotational 
temperature,  ==  lOOOK,  represents  an  estimate  of  effective 

rotational  temperatures  in  a  system  operated  \mder  single 
collision  conditions  and  therefore  not  at  equilibrium.  Relative 
vibrational  populations  input  for  Na2  B-X,  v'  =0.6  were  in  the 
ratio  1.00:1.17:1.33:1.50:1.67:1.54. 
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encompass  emission  from  a  limited  nximber  of  Na2  band  systems.  Surprisingly, 
the  observed  emission  is  characterized  by  sharp  well  defined  emission  regions 
(Figs.  1(b),  1(c))  superimposed  on  a  much  weaker  but  perceptible  and 
analyzable  Na2  background  fluorescence.  As  Fig.  1(c)  demonstrates,  these 
sharp  emission  features  are  not  readily  explained  by  invoking  a  purely 
fluorescent  process. 

The  sharp  nature  of  several  of  the  B-X,  C-X,  and  C'-X  Na2  fluorescence 
features  (Figs.  1(b),  1(c)),  their  correlation  in  certain  regions  to  the 
emission  characteristic  of  optically  pumped  Na2  laser  systems^^  (ex:  528.2 
nm  (v',v")  =  (6,14)  B-X),  and  the  near  exponential  growth  of  these  features 
relative  to  the  background  Na2  fluorescence  spectrum  with  increasing  Na3 
concentration,  suggests  that  stimulated  emission  might  be  associated  with 
certain  of  the  emitting  Na2  reaction  products.  Laser  gain  measurements  were 

carried  out  to  assess  this  possibility. 

In  order  to  do  these  gain  studies,  we  further  developed  (Fig.  2(a))  a 
unique  source  configuration  which  allows  the  supersonic  expansion  of  pure 
sodium  vapor  to  create  a  Na3  concentration  not  previously  attained  in  a 
reaction-amplificaton  zone.  Using  argon  ion  laser  pumped  dye  lasers  to  study 
the  Na3  +  Br  reaction  we  have  scanned  (Fig.  2(b))  the  entire  wavelength 
region  from  420  to  600  nm  (Figure  1(b))  in  ^ 3  nm  intervals  at  0.5  cm  ^ 
resolution  (FWHM)  and  the  regions  around  527  nm  and  460  nm  (Fig.  1(c))  at 

0.007  cm'l  resolution. ^2-16  ^e  find  that  laser  gain  and  hence  amplification 

is  associated  with  very  limited  regions  of  the  spectrum.  The  observations 
suggest  that  several  of  the  sharp  emission  features  apparent  in  Figure  1 
correspond  to  a  stimulated  emission  process  and  the  establishment 
population  inversion.  Optical  gain  through  stimulated  emission  (0.5  cm 
resolution)  in  the  regions  close  to  527  nm  (1%),  492  nm  (0.3%),  and  460.5  nm 
(0.8%  gain)  correlates  precisely  with  the  reactive  process  and  the  relative 
intensities  of  those  features  observed  while  monitoring  the  light  emitted  from 
the  Na3-Br  and  Na3-I  reactions.  High  resolution  ring  dye  laser  scans  in  the 
527  nm  region  indicate  that  the  gain  for  the  system  is  a  minimum  of  3.8%  for 
an  individual  rovibronic  transition  with  approximately  four  to  seven 
individual  rotational  transitions  showing  gain.  At  459.8  nm,  we  have  measured 
an  2.3%  gain  for  an  individual  rotational  transition.  The  results 
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Schematic  of  (a)  apparatus  for  the  study  of  the  chemiluminescent 
Na3  -  X  reactions  and  (b)  the  arrangement  of  the  experimental 
configuration  for  measuring  gain  from  the  Na3  -  X  metathesis. 


Figure  2: 


demonstrate  the  continuous  amplifying  medium  for  a  visible  chemical  laser  in 
at  least  three  wavelength  regions. At  no  other  scanned  wavelengths  have 
we  observed  gain.  In  fact,  in  scanning  the  AZO-bOO  nm  region,  we  generally 
observe  losses  relative  to  the  incident  laser  photon  flux  due  primarily  to 
scattering  (to  only  a  negligible  extent,  absorption)  on  transit  through  the 
Na3-Br  reaction  zone.  In  the  region  of  the  sodium  D-line,  a  substantial 
absorption  and  hence  loss  is  monitored  as  a  function  of  the  trimer-halogen 
atom  reaction. 

Because  of  the  low  Na3  ionization  potential  and  the  high  halogen 
electron  aff inities,^^  the  Na3’* halogen  atom  reactions  are  expected  to  proceed 
via  an  electron  jump  mechanism  with  extremely  high  cross  sections, producing 
substantial  Na2  excited  state  populations.  The  question  of  why  the  Na3  -X 
reactions  appear  to  demonstrate  vibrational  and  rotational  selectivity 
associated  with  certain  wavelength  regions  may  be  dealt  with  by  invoking  a 
model  for  the  dissociative  ionic  recombination,  Na3’*'  +  X”  ^  Na2"  +  NaX,  and 
the  curve  crossings  which  influence  the  distribution  of  product  molecules  for 
this  process. This  model,  coupled  with  an  analysis  of  the  electronic 
coupling  between  select  sodixim  dimer  excited  states,  may  provide  a  semi- 
quantitative  explanation  for  the  created  population  inversions. 

The  population  inversions  monitored  thusfar  are  thought  to  be  sustained 
(1)  by  the  large  number  of  free  halogen  atoms  reacting  with  Na2  molecules  in 
those  ground  state  levels  on  which  the  transitions  emanating  from  the  Na2 
excited  states  terminate  and  (2)  collisional  relaxation  of  the  ground  state 
sodium  dimer  molecules.  The  cross  section  for  reaction  of  vibrationally 
excited  ground  state  Na2  is  expected  to  be  at  least  comparable  to  the  cross 
section  for  collision  induced  vibrational  deactivation  of  the  Na2  manifold. 
Extremely  efficient  reactions  greatly  assist  the  depletion  of  the  lower  state 
levels  in  this  system  allowing  one  to  sustain  a  continuous  population 
inversion. 

Development  of  an  Extended  Path  Length  Na3  -  X  (Cl,Br,l)  Reaction 
AiDplification  Zone 

A  major  focus  of  our  efforts  has  been  to  considerably  improve  the 
magnitude  of  the  amplification  demonstrated  for  the  sodium  dimer  amplifiers  at 
^^^527,  ^A92,  and  ^A60  nm.  The  apparatus  depicted  in  Figure  2  now  produces  a 
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substantial  Na3  concentration  (>  10^^/cc)  albeit  in  a  limited  reaction- 
amplification  zone.  In  order  to  demonstrate  continuous  chemical  laser 
oscillation,  however,  it  is  desireable  to  create  an  enhanced  sodium  trimer  - 
halogen  atom  reaction  zone  not  only  in  terms  of  reactant  concentration  but 
also  with  respect  to  the  amplification  zone  path  length.  The  overall 
apparatus  design  which  we  are  developing,  depicted  in  part  schematically  in 
Figures  3-5  and  discussed  in  detail  in  Appendices  IV,  VIII,  and  X  is  meant  to 
accomodate  high  intersecting  reactant  flows  from  both  sodium  trimer  and  (dual 
rotatable)  halogen  atom  sources  in  order  to  produce  an  enhanced  concentration 
of  Na2  amplifiers  over  a  significantly  extended  path  length. 

The  apparatus  outlined  in  Figs.  3-5  attempts  to  increase  the  Na^  reaction 
amplification  zone  concentration  by  repositioning  the  trimer  and  halogen 
atom  sources  relative  to  each  other  and  facilitating  the  halogenation  process 
much  closer  to  the  alkali  nozzle  itself,  in  a  gas  dynamic  configuration.  We 
also  have  incorporated  the  facility  for  the  in-situ  adjustment  of  the  alkali 
and  halogen  source  positions.  This  includes  the  ability  to  rotate  the  dual 
alkali-trimer-f low-encompassing  halogen  atom  slit  sources  (Figs.  3(b))  so  as 
to  optimize  flow  mixing.  Further,  as  a  means  of  increasing  the  reaction 
zone  and  gain  length,  we  have  developed  and  continue  to  test  several 
continuous  flow  slit  sources  (Appendix  IV  for  more  detailed  discussion). 

In  a  pure  sodiiam  supersonic  expansion,  the  Na3  constituency  is  dominated 
by  a  much  larger  atom  and  cold  dimer  concentration.^^  These  constituencies 
do  not  absorb  at  the  Na2  amplifier  wavelengths  characteristic  of  the  Na3- 
halogen  atom  reaction  systems.  However,  it  is  desireable  to  minimize  the 
atom  and  dimer  while  increasing  the  trimer  concentration.  The  trimer 
concentration  must  be  altered  and  improved  through  an  appropriate  adjustment 
of  the  supersonic  expansion  conditions  shifting  the  distribution  to  higher 
sodium  polymers.  By  seeding  the  expansion  with  helivim,  argon,  or  other  noble 
gas  atoms,  several  researchers^^  have  demonstrated  that  the  atom  and  dimer 
concentrations  can  be  made  quite  small  relative  to  the  much  larger  sodium 
polymers.^^  Our  ultimate  goal  is  to  develop  a  system  which  does  not  operate 
at  these  extreme  expansion  conditions  but,  rather,  we  seek  a  middle  groxmd 
which  will  allow  us  to  produce  primarily  the  trimer  and  a  few  larger 
clusters. This  condition  should  be  achieved  through  the  appropriate 
adjustment  of  parameters  which  can  be  manipulated  in  the  expansion  including 
(1)  the  rear  oven  stagnation  pressure  (argon  or  helium  +  sodi\im) ,  (2)  the 


9 


frontal  nozzle  temperature,  and  (3)  the  ratio  of  the  supersonic  expansion 
source  pressure  to  the  overall  expansion  chamber  pressure. 

The  sodium  slit  source  is  positioned  relative  to  the  dual  halogen  slit 
sources  located  above  and  below  what  can  be  envisioned  as  the  position  of  an 
expanding  alkali  sheath  created  upon  expansion  from  the  alkali  slit  source. 

The  reaction  zone-cavity  configuration  is  designed  to  allow  for  1)  short 
transit  of  the  reactants  Na3  and  X  =  Cl,  Br,  I  to  the  reaction  -  amplification 
zone,  2)  flexible  movement  of  these  sources  with  respect  to  each  other  and 
with  respect  to  the  flow  patterns  created  in  the  system  and  3)  minimal 
interaction  of  these  reactants  with  laser  cavity  windows.  To  insure  this  , 
minimal  interaction,  self-cleaning  optical  windows'^^  are  used. 

We  have  now  carried  out  several  experiments  using  the  extended 
amplification  zone  device  depicted  in  Figure  3.  These  studies  are  outlined  in 
more  detail  in  Appendices  IV,  VIII,  and  X,  however,  it  is  important  to  note 
the  most  important  observations  which  we  have  made  in  these  initial  efforts. 
These  include  1)  what  appears  to  be  the  first  observation  of  Raman  pumping  in 
a  purely  chemical  environment  with  the  attendant  measurement  of  gain 
associated  with  the  Stokes  scattering  and  2)  excited  state  chemical  pumping 
which  is  the  equivalent  of  that  obtained  with  a  substantial  2W/cm'‘  laser  pump 
of  sodium  vapor  (Na^^  @  0.3AA  mm/Hg  -  see  Appendix  IV).  Thus,  while  we  have 
not  yet  reached  the  necessary  Na^  concentrations  in  our  reactive  zone  to 
produce  the  inverted  Na2  B-X  features  (Fig.  1),  we  have  already  observed  an 
unusual  and  unexpected  cooperative  behavior  associated  with  the  longer  path 
length  configuration. 

Raman  Pumping  in  the  Absence  of  an  External  Light  Source 

Using  the  configuration  described  in  Figures  3-5  (Appendices  IV,  VIII, 
and  X  for  additional  detail)  we  have  observed  the  first  resonance  Raman 
pumping  generated  in  a  purely  chemical  reactive  environment  in  the  absence  of 
an  external  light  source.  The  observations  made  in  the  present  study  bear  a 
close  analogy  to  those  of  Wellegehausen^^  and  Bergmann  and  coworkers^^  in 
their  analysis  of  optically  pvimped  sodium  dimer  lasers  operative  on  a 
stimulated  Raman  scattering  process.  Here,  as  Fig.  6  demonstrates,  we  observe 
a  series  of  Raman-like  Stokes  and  anti-Stokes  features  which  (1)  are 
associated  primarily  with  the  lowest  vibrational  levels  of  Na2,  (2)  correlate 
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(b)  Slit  nozzle  supersonic  source  producing  an  extended  path  length  reaction 
zone. 
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Comparison  of  experimental  spectrum  with  computer  modelled  distribution  (res.  -  5  A,  875K.  ~  935K). 

Optimum  agreement  between  calculation  and  experiment  w-^  found  for  the  slightly  nonthermal  distribution  depicted  in  the 
upper  righthand  Comer  of  the  figure.  A  Boltzmann  distribution  at  400K  is  included  for  comparison.  See  text  tor 
discussion. 
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Figure  7 

Raman-like  specuum  taken  at  a  resolution  of-  1.5  A  (T„„  -  875K.  -  935K)  depicting  the  two  Na  D-line  components  and  the 

satellite  Raman  structure.  The  spin-orhit  frequency  difference  of  the  two  Na  D-line  components  is  reproduced  m  the  scanered  radiation.  A 

simulated  speanim  is  presented  for  comparison  (Tj^oj  T  =  4  cm  ).  See  text  for  discussion. 


strongly  with  a  scattering  process  involving  the  Na  D-line  components  (Na 
3p^P3/2  1/2  ”  clearly  evident  in  Fig.  7,  and  (3)  are  created  in  the 

chemical  reaction  sequence 

Na2  +  Br  ^  Na*  (3p2p)  +  NaBr  (2) 

Na*  (3p2p)  -»  Na(3s2s)  +  hp 


The  Raman  features  depicted  in  Figures  6  and  7  are  not  readily  generated  by 
light  from  an  external  laser  (Appendices  VIII,  X)  tuned  to  the  Na  D-line 
resonance  and  appear  to  be  enhanced  by  the  environment  of  the  reaction  zone 

itself. 

Any  attempt  to  fit  the  observed  structure  (symmetric  about  the  Na  D-line) 
to  a  resonance  fluorescent  series  appropriate  to  the  experimental  conditions 
fails  completely.  The  D-line  emission  is  scattered  by  cooled  sodium  dimers 
(Na2)  generating  multiple  Stokes  and  anti-Stokes  features.  These  are  assigned 
as  resonance  Raman  progressions  and,  as  Figures  6  and  7  indicate,  are  well 
simulated  on  the  basis  of  the  resonance  Raman  theory  outlined  by  Rousseau  and 
Williams27  ^^d  others. Here,  except  at  very  low  reactant  concentrations, 
the  intensity  of  the  Raman  scattering  overwhelms  any  normal  chemiluminescenct 
emission  from  the  reaction  zone. 

The  results  of  initial  gain  studies  (in  which  amplification  has  been 
observed  on  many  of  the  Stokes  and  anti-Stokes  components  of  the  Raman 
spectmam)  are  suggestive  of  a  stimulated  Raman  scattering  process  similar  to 
that  associated  with  optically  pumped  alkali  dimer  lasers.  However,  as  Figure 
8  demonstrates,  the  scattering  linewidth,  P,  determined  from  a  higher 
resolution  fit  (/--0.5  A)  of  the  resonance  Raman  intensity  expression  (see 
Appendix  X  for  definitions) 
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Figure  8 

High  resolution  spectrum  (~  0.5  A)  and  simulated  spectra  for  T  =  0.1, 1,  and  4  cm  ’  demonstrating  the 
marked  improvement  in  the  fit  to  the  experimental  Raman-like  features  for  increasing  values  off.  See 
text  for  discussion 


result  suggests  that  we  have  observed  more  than  a  "simple**  Raman-like 
scattering  process.  In  order  to  address  this  result  we  might  consider  a 
further  long  range  interaction  of  the  electronically  excited  sodium  3p2p  atoms 
with  those  Na2  molecules  which  are  Raman  pumped,  an  interaction  of  the  Na2 
molecules  with  the  Br  atoms  that  induces  a  time  varying  enhancement  of  the 
dimer  polarizability  (hyperpolarizability),  or  (less  likely)  the  presence  of  a 
large  electric  field  created  due  to  the  reactive  environment  in  the  vicinity 
of  the  reaction  zone.  It  would  appear  that  this  interaction  leads  to  a  much 
more  efficient  Raman-like  scattering  process  which  also  is  apparently 
chemically  enhanced. 

While  further  experiments  will  be  necessary  to  clarify  the  mechanism  for 
the  scattering  process,  the  long  path  length  reaction  zone  employed  in  these 
experiments  appears  to  have  revealed  the  manifestation  of  a  significant 
cooperative  phenomena.  The  moderate  Rydberg  character  of  the  Na  3p  P  excited 
state,  with  its  diffuse  electron  density,  may  lend  itself  to  a  considerable 
long  range  interaction  inducing  cooperative  effects.  The  assessment  of  these 
surprising  cooperative  effects  should  be  the  subject  of  continued  study. 

The  intense  **Raman**  features  depicted  in  Figures  6-8  have  prompted 
preliminary  experiments  (Appendix  X)  to  assess  whether  a  stimulated  Raman 
process  might  be  operative.  The  path  length  of  the  active  medium  is  in 
excess  of  5  cm  (considerably  longer  than  most  gas  phase  chemical  reaction 
zones)  and  since  the  very  intense  D-line  pumping  is  distributed  virtually 
throughout  the  entire  extent  of  this  area,  we  attempted  to  assess  the  possible 
existence  of  a  gain  condition  on  any  of  the  suspected  Raman  features  (most 
likely  the  first  Stokes  line).  It  should  be  noted  that  gain  would  be 
predicted  on  the  basis  of  the  nonlinear  treatment  of  the  stimulated  Raman 
effect,  however,  the  gain  condition  might  also  be  achieved  for  certain  levels 
of  the  Na2  A-X  transition  through  the  resonance  Raman  effect  if  the  Na2  ground 

state  temperature  is  sufficiently  low. 

The  layout  of  the  gain  measurement  configuration  used  to  conduct  several 
preliminary  gain  measurements  is  depicted  in  Figure  9.  In  this  experiment,  a 
laser  beam  (HeNe  laser)  originating  'v  15  ft  from  the  expansion  zone  is 
directed  through  a  small  adjustable  aperature  and  the  reaction  zone.  The  beam 
is  subsequently  reflected  back  through  the  aperture,  thus  ensuring  that  the 
normal  of  the  reflector  is  perfectly  parallel  to  the  reaction  zone.  A  light 
gathering  lens  is  placed  intermediate  to  the  reaction  zone  and  the  adjustable 
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blocked  and  unblocked.  In  the  absence  ot  gam  or  loss,  me  maximum  raxio  oi  mose  micnsuics  mm  uc  niuiniui^u  i^a.i 
greater  than  two.  The  condition  that  we  accept  only  light  travelling  parallel  to  the  optical  axis  is  necessary  for  the  case  in  which 
the  gain  medium  may  not  be  uniform. 


aperature  so  that  light  from  the  HeNe  laser  is  reflected  from  the  back  mirror 
and  focused  onto  the  aperature.  Establishing  the  geometry  in  this  manner 
ensures  that  the  optical  system  rejects  off-axis  light  rays  and  accepts  only 
radiation  parallel  to  the  optic  axis.  Consequently,  observed  output  light 
intensities  measured  when  the  high  reflector  is  blocked  can  be  compared  with 
intensities  measured  with  the  same  reflector  open  to  the  reaction  zone. 
Assuming  that  only  on-axis  radiation  can  be  reflected  from  the  mirror  and 
subsequently  detected,  the  maximum  intensity  ratio  for  the  unblocked  mirror 
(I^)  to  that  observed  with  a  blocked  mirror  (1^)  can  be  no  greater  than  two 
(neglecting  the  effects  of  gain  and  absorption  in  the  reactive  medium).  The 
detection  of  a  ratio  (l^/lb)  greater  than  two  is  suggestive  of  the  development 
of  enough  gain  in  the  reactive  medium  to  overcome  any  losses  due  to  absorption 
or  scattering.  Although  explicit  measurements  have  not  yet  been  performed, 
our  glass  optical  windows  usually  absorb  about  4%  of  the  incident  radiation 
per  pass.  Typically  the  distance  between  the  mirror  and  the  aperature  is  Im, 
with  the  aperature  narrowed  to  about  1  mm  in  diameter.  The  focal  length  of 
the  lens  was  about  12  cm. 

The  described  gain  configuration  was  used  to  make  several  measurements  at 
the  first  Stokes  frequency  ( 16830  cm  ^).  The  ratio,  1^/1^)  was  consistently 
found  to  be  in  excess  of  2.3.  The  measurements,  performed  on  the  remaining 
satellite  peaks  suggested  ratios  of  order  slightly  greater  than  2.  Similar 
measurements  performed  on  the  Na  D  line  components  and  several  peaks  of  the 
thermally  relaxed  Na2  B-X  emission  system  (Figure  5  -  Appendix  IV)  showed 
intensity  ratios  much  less  than  2,  the  maximum  intensity  ratio  monitored  at 

the  D-line  being  1.3.  Further  discussion  of  the  gain  measurements  can  be 

29 

found  in  Appendices  IV  and  X. 

Extension  of  the  Na3  -  X(Cl.Br,l)  Aii5)lifier  Concept 

The  Na2  amplifiers  which  we  have  characterized  in  the  visible  region 
operate  on  bound-bound  transitions.  It  is  not  difficult  to  envision  an 
extrapolation  on  the  Na3-X  reaction  concept  which  involves  the  alkaline  earth 
metal  trimers  and  the  formation  of  excited  state  dimers  which  can  undergo 
bound-free  excimer  transitions.  With  this  focus,  we  have  attempted  to 

generate  the  Mo  excimer  analogs  of  the  Na2  laser  amplifiers  discussed 

°  ^  30 

previously.  The  ground  electronic  state  of  Mg2  is  very  weakly  bound. 
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However,  detailed  calculations  suggest  the  Mg2  -  Mg  bond  strength  may  be  on 
the  order  of  0.6  eV,^^  quite  comparable  to  that  of  Na3.  We  are  now  forming 
magnesium  molecules,  specifically  Mg2  and  Mg3,  and  observing  the  excited 
state  products  of  their  oxidation  with  F  and  Cl  atoms.  A  halogen  atom 
discharge  source  which  we  have  developed  to  study  the  Bi2  +  F  react ion^^  (see 
also  Appendix  II)  is  being  used  to  investigate  the  Mg2-F,  Mg3-F,  Mg2-Cl,  and 
Mg3-Cl  reactions. These  studies  will  soon  be  extrapolated  to  the  heavier 
alkaline  earths,  Ca^^  -  Ba^.  To  date,  we  have  not  observed  strong  Mg2  emission 
from  the  Mg3  -  F,  Cl  reactions,  however,  surprisingly,  preliminary  results  on 
this  system  signal  the  formation  of  excited  state  Mg^^F  and  Mgj^Cl  charge 
transfer  complexes  where  x  is  most  likely  two  (Appendix  IV) .  Although  we 
have  not  yet  demonstrated  the  potential  for  forming  an  Mg2  based  excimer 
amplifier  laser  system,  the  creation  of  a  long-lived  Mg^F  complex  suggests 
that,  with  some  modification,  this  may  be  feasible. 

Long  Range  Collisional  Stabilization  and  the  Symmetry  Constrained  Dynamics  of 
High  Temperature  Ccmplex  Formation 


As  an  off -shoot  of  our  study  of  Group  IIA  cluster  halogen  atom  reactions, 
in  a  study  of  Group  IIA  metal-halogen  molecule  reactions,  we  have  now  clearly 
demonstrated  the  highly  efficient  collisional  stabilization  of  high 
temperature  complexes  of  some  considerable  spatial  extent. In  a  series  of 
near  single  collision  and  well-defined  multiple  collision  CL  and  LIF  studies 
extending  over  six  decades  of  pressure  (Appendices  XI,  XII),  we  demonstrate 
the  stabilization  of  electronically  excited  Group  IIA  dihalide  collision 
complexes  via  a  radiative  three  body  recombination  (R3BR)  process  operative  at 
microTorr  pressures.  Over  the  pressure  range  1  x  10"^  -  5  x  10  Torr,  a 
comparative  study  of  the  emission  from  M  (M  =  Ca,Sr,Ba)  -  X2(Cl2.Br2,l2)  and 


M-XY(ICl,IBr)  reactive  encounters  identifies  a  symmetry  constrained  dynamics 
associated  with  the  formation  of  the  dihalide  complexes  (along  a  C2v  reaction 
coordinate)  as  they  are  stabilized  by  interaction  with  an  additional  halogen 
molecule.  The  symmetry  constraint,  indicated  by  a  much  weaker  emission  from 
the  mixed  halogen  reactions  (especially  of  barium  and  strontium),  signals  the 
dominance  of  an  extremely  efficient  collisional  stabilization.  The  onset  of 
the  monitored  R3BR  process  at  1  x  lO'^  Torr  defines  an  extremely  large 
stabilization  cross  section  which  cannot  be  readily  explained  within  an  RRKM 
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framework. 

By  relaxing  the  near  continuous  emissions  (exemplified  for  the  Sr 
reactions  in  Figure  10)  observed  for  the  complex  formation  under  near  single 
collision  conditions,  controlled  multiple  collision  experiments  establish  the 
previously  challenged  stabilization  mechanism^^  and  show  that  the  low  pressure 
continue  result  from  the  overlap  of  a  closely  spaced,  highly  excited, 
rovibronic  distribution.  Further,  as  we  demonstrate  for  the  Sr“Cl2  reaction 
in  Figure  11,  these  multiple  collision  studies  reveal  the  first  vibronically 
resolved  electronic  emission  for  the  dihalides.  Comparative  studies  on 
several  additional  systems^’ of  the  resolved  vibronic  emission  from  the 
multiple  collision  experiments  provide  strong  confirmation  of  the  highly 
efficient  collisional  stabilization. 

The  observation  of  an  R3BR  process  at  pressures  as  low  as  1  x  10  Torr 
is  surprising.  A  steady-state  treatment  of  the  most  reasonable  mechanism  for 
dihalide  formation  via  collisional  stabilization  (within  the  RRKM  framework) 
which  models  the  chemiltnninescence  signal  as  a  fvmction  of  halogen  concentra¬ 
tion  can  be  shown  to  be  consistent  with  (1)  an  enormous  stabilization  cross 
section  of  order  o  3000-5000  %?■  and  (2)  an  extremely  long  excited  state 
radiative  lifetime,  x  'v  lO"^  seconds.  Within  an  RRKM  framework,  the 
collisional  stabilization  mechanism  requires  a  radiative  lifetime  well  in 
excess  of  10"^  seconds  in  order  that  emission  from  the  complex  compete 
favorably  with  the  excited  state  dihalide  loss  mechanisms.  However, 
experiments  indicate  that  the  process  appears  to  be  operative  for  much  shorter 
lived  excited  states. 

If  we  eliminate  the  requirement  for  a  long-lived  excited  state,  we  must 
require  a  considerably  larger  stabilization  cross-section  and  an  extremely 
long  range  interaction  involving  the  forming  Group  IIA  dihalide  excited  states 
and  their  relaxing  collision  partner.  It  is  clear  that  the  stabilization 
process  competes  favorably  with  unimolecular  decomposition  for  which  RRKM 
calculations  suggest  a  unimolecular  lifetime  (averaged  over  the  distribution 
of  energy  and  angular  momentum)  on  the  order  of  x  v  10  ^  seconds.  These 
factors  raise  the  question  of  whether  association  processes  in  these  systems 
can  be  treated  in  a  satisfactory  fashion  by  employing  some  variant  of 
unimolecular  rate  theory.  A  key  question  must  be  whether  dissociative 
processes  (well  characterized  by  RRKM  theory)  or  highly  efficient  energy 
transfer  dominates  these  high  temperature  environments.  We  suggest  that  some 
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answers  to  this  question  will  be  obtained  by  carefully  monitoring  the  pressure 
dependence  of  the  chemiluminescence  over  pressure  ranges  extending  from  the 
near  single  collision  regime  (e.g..  Fig.  10)  to  the  relaxed  multiple  collision 
regime  (e.g..  Fig.  11). 

An  expansion  of  the  studies  we  have  outlined,  using  a  combination  of  CL 
and  LIF  techniques,  can  be  employed  to  carefully  define  the  periodicity  of 
complex  formation,  and  the  importance  of  electronically  induced  pathways  for 
energy  flow.  In  the  final  analysis,  these  effects  are  associated  with 
dihalide  molecular  electronic  structure  and  its  attendant  effect  on  the 
dynamics  of  halide  formation.  They  should,  however,  be  manifest  in  all  high 
temperature  environments.  A  demonstrated  collisional  stabilization  not 
readily  explained  within  the  REKM  framework  suggests  that  new  or  highly 
modified  models  will  be  necessary  to  explain  the  efficient  interaction  of 
electronically  excited  states  as  well  as  highly  vibrationally  excited  ground 
states.  The  data  from  this  study  now  begin  to  provide  important  information 
on  the  efficient  stabilization  of  excited  state  intermediate  complexes, 
defining  a  much  broader  range  of  interaction  than  has  typically  been 
associated  with  collisional  stabilization  phenomena.  The  demonstrated 
interaction  range  of  the  dihalides  (and  the  enhanced  interaction  of  high 
temperature  molecules  in  general)  has  direct  implication  for  the  understanding 
of  molecular  formation  and  energy  transfer  in  those  environments  which 
characterize  systems  operating  under  extreme  conditions.  A  neglect  of  these 
phenomena  in  models  of  chemical  lasing,  combustion,  propulsion,  or  shock 
driven  phenomena  renders  these  descriptions  unrealistic. 

NEAR  RES(R1ANT  KNEEtGY  TRANSFER  FRCM  METASTABLE  ENERGY  STORAGE  STATES  OF  SiO  AND 
GeO  TO  FORM  ATttf  BASED  LASER  AMPLIFIERS 

We  have  found  that  certain  near  resonant  intermolecular  energy  transfers 
proceed  with  extremely  high  cross  sections.  We  have  discovered  an  exciting 
family  of  reactions  that  efficiently  transfer  energy  from  the  metastable 
triplet  states  of  SiO*  and  GeO^  to  pump  select  excited  states  of  several 
atoms.  So  efficient  are  these  transfers  that  they  have  been  used  to  produce 
superfluorescence  from  Tl^^  and  atoms  at  535  and  417  nm  and  amplified 

spontaneous  emission  (ASE)  from  Na  atoms^^  at  569,  616,  and  819  nm  (Appendices 
III,  V)  and  K  atoms  at  581  nm.  The  energy  stored  in  the  metastable  triplet 
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Figure  13 


Figure  12(a):  TI  atom  energy  levels. 

Figure  12(b);  Tl  7^S,^  -  (535  nm)  superfluorcscencc  observed  at  a  signal  trigger  level  of  0.2V  (fluorescent  level  -- 

0.45  V).  The  measured  FWHM  is  <  5  ns  (compared  to  t  7.5  ns,  the  radiative  lifetime  of  the  7^Sj,,  level.  A 
fetum  to  the  fluorescence  level  is  seen  subsequent  to  the  superfluorescence  pulse.  No  superfluorcsccnt  pulse  is 
associated  with  the  Tl  -  6^1/2  (377  nm)  transition. 

Figure  12(c):  Tl  7^S,/2  -  6^3/2  (535  nm)  superfluorcscent  oscillation  observed  with  full  laser  cavity  configuration.  The 

supcrfluorescencc'fluorescence  ration  (fluorescence  following  termination  of  lasing  action)  is  in  excess  of  1(X). 

Figure  1 3(a):  Na  atom  energy  level  scheme  and  pumping  cycles  to  produce  4dT3  and  5s^S  excited  states. 

Figure  1 3(b):  Typical  energy  transfer  pumping  spectrum  for  Na  4d^  -  3p^  and  5s^S  -  3p^  transitions  and  3p^  -  3s^S  sodium 

D-linc  emission.  The  13-line  emission  results  both  from  direct  energy  transfer  pumping  from  ground  state  NjO 
and  from  fluorescence  to  the  3p^  level. 

Figure  1 3(c):  Energy  transfer  pumping  spectrum  corresponding  to  the  Na  3d^  -  3p^  transition. 

Figure  1 3(d):  Full  cavity  output  created  with  -0.2*/®  output  coupling  for  the  continuous  Si-SiO  (Si-NjO)  -  Na  amplifier  at  569 

nm.  The  full  cavity  output  is  compared  to  that  obtained  with  both  a  blocked  high  reflector  and  with  the  entire 
cavity  isolated  from  the  signal  detection  system.  The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtained  with  a  blocked  high  reflector  exceeds  lOVl . 


states,  formed  from  the  Si(^P)  +  NO2,  and  Ge(^P)  +  03^^  reactions, 

is  transferred  to  p\imp  (Pig.  12)  X^Pi/2  '^1  atoms  to  their  lowest  lying 
state^^  and  (Pig.  13)  X^S]^/2  Na  atoms^^  to  their  excited  3d^D,  4d^D,  and  5s^S 
states.  Adopting  a  pumping  sequence  in  which  a  premixed  Group  IVA  metalloid- 
receptor  atom  combination  is  oxidized,  we  observe  a  system  temporal  behavior 
which  suggests  the  creation  of  a  population  inversion  and  gain  condition  in 
the  T1  and  Na  systems,  forming  the  basis  for  short  pulse  full  cavity 
oscillation  on  the  T1  7^Sj^/2  “  ^^^3/2  transition  at  535  nm  and  continuous 
oscillation  on  the  Na  4d^D  -  3p^P  transition  at  569  nm.  The  continuous 
oscillation  associated  with  the  sodium  system  (Appendices  III,  V),  in 
particular,  demonstrates  an  astounding  energy  transfer  efficiency. 

One  might  envision  the  SiO  and  GeO  "a^E*^**  and  "b^II”  states  forming  a 
combined  metastable  triplet  state  reservoir  which  is,  at  best,  weakly  coupled 
to  the  ground  electronic  state  (minimal  nonradiative  transfer).  This 

reservoir  can  be  maintained  and  can  transfer  its  energy  to  pump  the  atom  of 
interest  if  a  near  resonant  energy  transfer  is  feasible.  This  approach  is 
outlined  in  more  detail  in  Appendices  III  and  V. 

We  have  used  SiO  metastables  formed  in  the  Si-N20  reaction,  to 
successfully  energy  transfer  pump  Na  atoms  to  their  low-lying  5s^S  and  4d^D 
levels  from  which  they  subsequently  emit  radiation  at  A  -  616  nm  and  569  nm  as 
they  undergo  transition  to  the  3p^P  levels.  The  accessed  Na  cycle  with  its 
50^2  (4d^D  -  3p^P)  to  100  nanosecond  upper  state  radiative  lifetimes  (vs. 
for  example  T1  ^nsec.^^^  short-lived  terminal  laser  level  would 

appear  ideally  suited  to  obtain  higher  duty  cycle  laser  amplifiers  and 
oscillators.  We  also  obtain  evidence  for  the  energy  transfer  pump  of  the  Na 
3d^D  level  with  which  is  associated  an  atomic  emission  at  A  ^  819  nm  ascribed 
to  the  Na  3d^D  -  3p^P  transition. 

In  order  to  study  amplification  in  the  soditam  and  potassium  systems,  we 
have  constructed  a  relatively  versatile  device  (Pig.  14)  (see  also  Appendices 
III  and  V)  which  allows  us  to  obtain  a  moderately  long  amplification  path 
length. This  construction  can  take  advantage  of  three  entrainment  flow 
configurations  for  silicon  or  germanium  in  the  cycle  producing  SiO  and  GeO 
metastables,  one  of  which  is  depicted  in  Pig.  14.  These  flow  configurations 
produce  the  longest  path  length  SiO  metastable  flame  (  5  +  cm)  yet  obtained. 
The  entrainment  flow  configuration  must  be  designed  to  create  large 
concentrations  of  SiO  (GeO)  metastables  which  are  intersected  at  ^  90^,  in 
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Figure  14:  (a)  Schematic  of  reaction  chamber  and  windows  defining  optical 

train,  ballast  tank  to  moderate  pumping  fluctuations,  and  pvimping 
configuration,  for  extended  path  lengths  Si-SiO  (Si“N20)“Na 
reaction  amplification  zone.  (b),(c)  Side  and  overhead  views  of 
reaction  chamber  showing  positioning  of  Si  oven  source,  relative 
locations  of  Si  and  Na  oven  sources,  oxidant  injection  system,  and 
relative  positions  of  these  devices  with  respect  to  the  optical 
train.  (d),(e)  Closeup  view  of  silicon  and  sodivim  oven  assemb- 
blies.  (f)  Schematic  overwiew  of  reaction  chamber-amplification 
zone,  ballast,  and  pump  for  extended  path  length  Si-Si0(Si-N20)- 
Na  gain  medium.  The  figure  indicates  the  course  alignment  path 
15  ft)  for  the  HeNa  laser  and  its  correlation  with  the  optical 
train  surrounding  the  reaction  zone  and  terminating  at  the  mono¬ 
chromator. 
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Figure  14 


subsonic  flow,  by  a  high  concentration  of  sodivun  or  potassium  atoms.  The 
entrained  (argon,  helium,  nitrogen)  silicon  and  sodivun  flows  can  also  be  moved 
in“situ  relative  to  each  other  and  hence  with  respect  to  the  reaction  ■  energy 
transfer  ■  amplification  zone  to  optimize  conditions  for  foirmation  of  the  gain 
medivuD. 

The  entrainment  flow  device  depicted  in  Figure  lA  can  be  surrovinded  by  a 
variety  of  optical  trains  to  measure  gain  and  lasing  in  the  Si“SiO-Na  system. 
These  are  discussed  in  detail  in  Appendices  III  and  V .  The  three  sodium  atom 
transitions  at  X  ~  569  nm  (a  'v  0.1“0. 15/cm),  A  ~  616  nm  (a  0.03“0. 05/cm), 
and  A  =  819  nm  (a  0.02-0.03)  demonstrate  continuous  gain,  although  optimal 
gain  on  each  line  is  monitored  under  slightly  different  mixing  conditions  in 
the  amplification  zone  (App.  III).  Gain  has  been  measured  (Appendices  III, 

V)  at  all  three  wavelengths  using  the  ingeneous  design  of  Roll  and  Mentel.^^ 

We  compare  the  (paraxial)  single  vs.  double  pass  amplified  spontaneous 
emission  emanating  from  the  5  cm  amplification  zone  of  Fig.  lA.  Further,  at 
569  nm,  two  additional  gain  measurements  have  been  performed  (Detailed  - 
Appendix  III),  one  deducing  the  amplification  of  the  Ad^D  -  Ip^P  transition 
from  a  sodium  discharge  lamp  and  a  second  employing  a  scanning  single-mode 
ring  dye  laser.  Preliminary  measurements  at  616  nm  using  the  sodivim  discharge 
lamp  also  demonstrate  a  continuous  gain  condition. 

"Full  Cavity  Measurements" 

Full  cavity  measurements  (detailed  in  Appendices  III,  V)  have  also  been 
made  on  the  sodium  system.  The  results  of  these  measurements  at  569  nm  for  a 
0.2%  output  coupled  stable  cavity  configuration  are  shown  in  Figure  15.  We 
find  that  the  ratio  of  the  output  for  full  cavity  operation  to  that  obtained 
with  a  blocked  high  reflector  easily  exceeds  10^.  Compare  also  the  signal 
level  observed  with  the  blocked  high  reflector  and  that  monitored  with  a 
completely  blocked  detector.  The  corresponding  ratio  obtained  operating  the 
full  cavity  below  threshold  using  the  0.2%  output  coupled  cavity  was  slightly 
greater  than  1.8  for  the  Na  D-line.  These  results  clearly  indicate  continue^ 
laser  oscillation  in  the  sodium  systBin. 

The  value  slightly  greater  than  1.8  for  the  Na  D-line  should  be  compared 
to  a  maximum  of  1.2  for  a  much  more  lossy  A.5+%  output  coupled  device  (gig2'^’ 
0.56).  In  fact,  a  maximtam  (full  cavity/ blocked  reflector)  ratio  of  order 
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Figure  15:  Full  cavity  output  created  with  'v  0.2%  output  coupling  for  the 
continuous  Si"Si0(Si“N20)“Na  amplifier  at  X  —  569  nm.  These 
measurements  were  taken  in  continuous  flow  with  the  cavity 
configuration  depicted  in  Fig.  3(b).  The  full  cavity  output  is 
compared  to  that  obtained  with  both  a  blocked  high  reflector  > 
and  with  the  entire  cavity  isolated  from  the  signal  detection 
system.  The  ratio  of  the  output  obtained  for  the  full  cavity 
to  that  obtained  with  a  blocked  high  reflector  exceeds  10/1. 


Resonant  Cavity 


Time  (arbitrary  unit) 

Figure  15 


1.9-1.95  is  typical  for  all  those  wavelengths  considered  -  569,  616,  Na  D- 
line)  when  conditions  in  the  reaction-amplification  zone  are  such  that  no  gain 
is  monitored.  We  have  also  observed  intermediate  behavior  associated  with  the 
establishment  of  moderate  but  not  optimal  gain  conditions. 

lnqirovenient  of  the  Energy  Transfer  Based  Configuration  -  Ultimate  Goals 
A.  Concentric  Reactant  Mixing 

While  the  outlined  configurations  have  been  used  to  demonstrate  lasing 
action  in  the  visible  region,  this  should  be  substantially  enhanced  with 
several  improvements  in  the  manner  in  which  the  lasing  medium  is  created  and 
the  laser  output  is  extracted  from  the  cavity.  The  mixing  zone  depicted  in 
Figure  14  is  greatly  stabilized  by  the  moderate  sized  15  cubic  feet) 
ballast  separating  the  150  cfm  pump  and  reaction  chamber.  While  this  insures 
that  the  90°  intersection  of  the  SiO  and  sodixam  atom  flows  can  be  used  to 
establish  a  continuous  lasing  action,  the  90°  reactant  intersection  is  by  no 
means  optimal.  It  remains  to  increase  both  the  rate  limiting  silicon  and 
sodium  atom  concentrations  in  the  reaction  zone  while  maintaining  atomization. 
A  logical  way  to  approach  this  problem  involves  the  conversion  of  the 
intersecting  flow  configuration  of  Figure  14  to  a  concentric  interaction 
configuration.  We  are  currently  testing  and  modifying  the  two  designs 
depicted  in  Figure  16  (see  also  Appendices  III  and  V)  as  a  means  of  attaining 
higher  reactant  -  amplifying  medium  concentrations.  These  two  designs  attempt 
to  create  a  more  efficient  mixing  of  those  constituents  forming  the  amplifying 
medium.  In  both  designs,  the  sodium  source  is  now  placed  directly  above  the 
silicon  source,  however,  the  designs  differ  in  the  sequence  in  which  they 
introduce  the  reactants.  One  design  (Fig.  16(a))  first  creates  the  SiO 
metastables  through  the  Si-N20  reaction  and  subsequently  interacts  the 
0ntrained  metastables  with  an  entrained  Na  flow.  In  a  slightly  modified 
design  (Fig.  16(b))  we  attempt  to  premix  concentric  entrained  flows  of  silicon 
and  sodium,  oxidizing  the  mixture  with  N2O.  The  two  designs  both  result  in  a 
substantial  enhancement  of  reactant  concentration  and  mixing  as  evidenced  by 
the  significant  100  fold  increase  in  light  emission  from  the  reaction  zone 
as  monitored  through  a  side-angle  viewing  port.  However,  they  also  produce  a 
significant  increase  in  particulate  matter  and  gas  phase  condensibles  for 
which  the  current  ptimping  system  does  not  appear  to  be  well  suited.  These 
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Concentric  configuration  for  energy’  transfer  pumping.  The  sodium  oven  is  placed  above  the  silicon  o\tn.  The 
oxidant  N2O  is  introduced  into  the  silicon  flow  to  form  SiO*  which  then  interacts  with  sodium  vapor.  The  energ\ 
transfer  zone  is  appro.ximately  1"  above  the  silicon  oven. 


Concentric  configuration  for  energy  transfer  pumping  with  a  sodium  and  NjO  injector  nozzle  array  placed  ^ove 
the  sUicon  oven.  In  this  configuration  the  sodium  and  silicon  are  mixed  before  the  oxidant  is  introduced  to  imuate 
the  eneigy  transfer  process. 
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Energy  transfer  pumping  spectra  obtained  for  (a)  Ar  and  (b)  N2  entrainment.  The  observed  Na4d2D  -  3[PP  emission 
feat^  (~  569  nm)  is  seen  to  increase  precipitously  in  intensity  relative  to  the  Na  3p2p  -  D-lme  (~  590  nm)  with 
change  of  entrainment  gas  from  Ar  to  N2. 


condensibles  have  the  attendant  affect  of  degrading  cavity  windows > 
substantially  increasing  loss  elements  in  the  optical  train.  With  some 
modification  of  the  pumping  system,  the  realignment  of  entrainment  flows,  the 
modification  of  entrainment  gases  to  best  suit  the  chemistry  of  the  system, 
and  the  adjustment  of  window  protecting  flows,  these  problems  should  be 
greatly  alleviated. 

B.  Considering  Self  Absorption  and  Self  Quenching 

The  increase  of  reactant  concentrations  may  lead  to  a  leveling  off  and 
eventual  loss  of  the  gain  condition  if  self “absorption  on  the  Na  D“line 
transitions  becomes  a  dominant  factor  or  SiO  triplet  self "Quenching  begins  to 
play  a  deleterious  role.  Evidence  is  obtained  for  some  self "absorption  at  the 
highest  sodium  concentrations  when  the  alkali  atom  production  dominates  the 
concomitant  SiO  metastable  production.  With  our  sodium  atom  source  operated, 
in  the  absence  of  interacting  silicon  or  N2O,  at  the  temperature  which  we  have 
employed  to  produce  the  highest  flux  densities  in  the  amplification  zone,  we 
have  measured  the  attenuation  of  the  Na  D-line  emission  from  a  sodium 
discharge  lamp.  We  find  an  attenuation  which  is  much  less  than  50%.  In 
combination  with  the  cross  section  for  self  absorption,  A  x  10“  cm  ,  as 
measured  by  Ermin  et  al.,^^  this  suggests  a  sodium  atom  concentration  close 
to  that  estimated  for  the  system  (Appendices  III  and  V).  Of  course,  in  the 
presence  of  the  N2O  and  silicon  reactants,  the  attenuation  due  to  self 
absorption,  while  evidenced,  is  considerably  diminished  ('v-  5  -  10%). 

Although  concern  with  the  possible  deleterious  effect  which  a  pumping  of 
the  Na  D-line  might  have  on  transitions  terminating  in  the  Bp-^P  level  is 
somewhat  alleviated  in  the  present  system  by  the  sodium  discharge  experiments 
of  Tribilov  and  Sh^lkhtin,^^  and  the  0.01  second  duration  laser  pulse  for  the 
Na  As^S  -  3p^P  infrared  transition  observed  by  Mishakov  and  Tkachenko^^  as 
quasicontinuous  lasing,  it  must  eventually  limit  the  size  of  the  laser 
systems.  However,  this  might  be  forestalled  to  great  degree  if  we  take 
advantage  of  the  efficient  quenching  of  Na  3p^P  atoms  which  Tanarro  et  al. 
have  demonstrated  for  N2  and  CO.  In  fact,  as  demonstrated  in  Figure  17,  if  we 
replace  the  Si-SiO  and  Na  entraining  argon  or  helium  gases  with  N2,  we  observe 
a  pronoimced  effect  on  the  energy  transfer  spectrum  taken  for  an  intermediate 
sodium  fliix. 
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Nitrogen  vs«  Argon  Entrainment 

While  the  569  nm  feature  is  dominated  by  the  Na  D-line  emission  when 
argon  is  used  as  an  entrainment  gas,  its  intensity  can  be  made  to  exceed  that 
of  the  D-line  when  N2  is  used.  This  result,  obtained  and  repeated  for 
successive  scans  taken  during  the  same  experimental  run,  suggests  the 
possibility  for  a  considerable  enhancement  of  the  569  nm  output.  This 
improvement  might  well  result  from  the  quenching  of  Na  3p^P ,  however ,  it  might 
also  result  from  an  increased  inhibition  of  the  Na  +  N2O  ->  NaO  +  N2  reaction 
as  the  equilibrium  is  forced  toward  reactants. 

D.  Output  Coupling 

The  experiments  conducted  thusfar  have  made  use  of  two  distinct  output 
coupling  configurations.  As  well  as  improving  reactant  concentrations  the 
optimum  output  coupling  for  the  current  cavity  remains  to  be  evaluated.  We 
have  constructed  a  modification  which  will  allow  removal  of  the  cavity 
windows  that  represent  significant  loss  elements.  With  these  improvements  and 
further  collaboration  in  both  cavity  and  output  coupling  design  with  Professor 
Lee  Sentman  and  his  group  at  the  University  of  Illinois, the  output  from  our 
full  cavity  configuration  should  be  substantially  enhanced. 

System  Modeling 

Recently,  Smith  et  al.^^  carried  out  a  laser  chemistry  modeling  effort  on 
the  SiO-Na  system.  Starting  with  the  initial  concentrations  of  the  reactants 
Na,  Si,  and  N2O  which  are  achievable  in  the  present  system  these  authors  have 
used  a  model  which  includes  the  10  possible  processes 

1.  Si+N20  ->  Si0*+N2  -  metastable  excited  state  formation. 

2.  Si+N20  ->  Si0+N2  -  groxmd  state  formation  -  power  depleting. 

3.  SiO*+Na  ^  SiO+Na*  (Ad^D)  -  upper  state  amplifying  transition. 

A.  SiO*+Na  ^  SiO+Na*  (3p^P)  -  terminal  level  amplifying  transition. 

5.  SiO*+SiO*  -»  SiO+SiO  -  self  quenching  of  SiO  metastables. 

6.  Na*  (Ad^D)  -»  Na*  (3p2p)  +  hv  (569  nm)  -  spontaneous  emission. 

7.  Na*  (Ad^D)  +  hv  (569  nm)  ^  Na*  (3p2p)  +  2hv  (569  nm)  stimulated  emission. 

8.  Na*  (3p^P)  +  hv  (569  nm)  -»•  Na*  (Ad^D)  -  optical  pumping. 
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9.  Na*  (3p2p)  ^  Na*  (Ss^S)  +  hv  (569  nm)  ~  spontaneous  emission. 

10.  hv  (569  nm)  -»  hv  (569  nm)  outcoupling  fraction  for  569  nm  photons  (laser 
cavity  5  cm  in  length  -  mirror  reflectivities  99.99  and  99.80%. 

Using  known  kinetic  rates,  variable  initial  concentrations,  reasonable 
and  variable  rates  for  those  processes  which  have  not  been  directly  measured, 
and  assuming  a  closed  reaction  in  which  the  reactants  are  not  replenished. 
Smith  et  al.^^  have  deduced  temporal  profiles  for  the  Na  concentration,  569 
nm  photon  concentration,  energy  density,  and  power  density.  They  conclude 
that  order  of  magnitude  increases  in  the  initial  concentration  of  Si  or  N2O 
have  a  profound  effect  on  the  system  (power  density  increase)  whereas 
significant  changes  in  the  Na  concentration  have  relatively  little  effect. 

This  signals  the  rate  limiting  nature  of  the  silicon  concentration  and  the 
importance  of  the  branching  into  the  metastable  triplet  states.  It  is  also  to 
be  noted  that  a  significant  increase  in  power  density  may  be  muted  by  SiO 
self  quenching,  the  rate  of  which  certainly  must  be  established  for  these 
systems.  For  the  diversity  of  initial  reactant  concentrations  and  rates  used 
in  their  model.  Smith  et  al.^^  predict  output  power  densities  peaking  between 
100  (strong  SiO*  self  quenching)  and  7000  mW/cc.  These  results  are  quite 
encouraging. 

Extension  of  Near  Resonant  Intennolecular  Energy  Transfer  Concept  to 
Additional  Energy  Transfer  Pumped  Atomic  Receptors 

While  we  have  emphasized  the  results  obtained  thusfar  for  the  sodium 
system  based  on  an  SiO  metastable  pump,  it  is  also  feasible  to  use  GeO 
metastables.  In  fact,  we  have  obtained  evidence  that  the  energy  transfer 
pumping  of  the  sodium  analog  potassium  based  amplifiers  associated  with  the 
5d^D  -  4p^P  (  X  =  581,  583  nm),  Ad^D  -  Ap^P  (  a  =  69A,  697  nm),  and  6s^S  -  Ap^P 
(X  =  691,  69A  nm)  potassium  atom  transitions  might  best  be  accomplished  with 
pumping  by  GeO  metastables. 

We  have  also  successfully  energy  transfer  pvimped  potential  amplifying 
transitions  in  lead  (Pb),  copper  (Cu),  and  tin  (Sn)  receptor  atoms.  Two  of 
these  systems  are  particularly  intriguing.  Figure  18  demonstrates  the  results 
we  have  obtained  when  interacting  SiO  metastables  (Si-N20)  with  lead  receptor 
atoms  (see  also  Tables  III  and  IV  -  Appendix  V).  Observed  Pb  transitions  are 
indicated  to  the  right  of  the  figure.  First,  we  notice  that  self  absorption 
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Comparison  of  lead  -  SiO  (A^S'*',b^n)  near  resonant  energy  transfer 
spectra.  Metastable  SiO  molecules  were  created  in  the  reaction  Si 
+  N2O  ■*  SiO*  +  N2.  (a)  The  spectrum  corresponds  to  a  portion  of 
the  SiO  metastable  emission  spectrum  before  lead  atoms  are  brought 
into  the  reaction  zone,  (b)  Spectrum  recorded  with  high  Pb  flux 


(  torr  vapor  pressure)  showing  the  manifestation  of  energy 
transfer  pumping  to  produce  electronically  excited  -^P®,  ^Sq  and 
^©2  levels  of  the  lead  atom,  (c)  Energy  levels  for  the  lead  atom 
with  observed  transitions  as  indicated  in  (b). 
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involving  ground  state  Pb  atoms  is  so  dominant  that  no  emission  to  the  X  Pq 
ground  state  is  observed.  Second,  we  find  significant  piimping  of  both  the  ^Sq 
and  ^D2  levels.  The  corresponding  transitions  from  the  level  terminate  in 
the  lowest  X  (531.2  nm)  and  X  ^Pj  (A62  nm)  levels.  It  is  thought  that 
collisional  quenching  and  relaxation  of  the  ^Sq  level  will  be  minimal  relative 
to  that  of  the  X  5p  manifold. 52  This  may  lead  to  potential  inversions  and 
amplification  at  X  =  462,  531  nm.^^  The  well  known  lead  laser  transition  at 
X  =  723  nm^^  with  an  A  value  10^  sec“^  terminates  on  the  ^D2  level. 
Surprisingly,  we  find  no  evidence  for  this  transition  which  eminates  from  the 
upper  5po  level  (Fig.  18).  We  do  find  evidence  for  the  ^P^®  -  X  ^P^  and 
-  X  ^P2  transitions  and  for  the  ^D2  ~  transition  at  733  nm.^^  This 
suggests  that  the  “  ^^2  transition  may  be  self “absorbed  due  to  a 
significant  ^T>2  population.  If  we  have  observed  the  manifestation  of  a 
substantial  ^^2  population,  does  this  result  from  direct  energy  transfer 
pumping  or  is  the  ^D2  state  populated  by  the  723  nm  transition  at  times 
considerably  shorter  than  the  time  scale  for  the  present  observations?  This 
must  be  assessed  in  future  experiments.  The  results  obtained  for  the  energy 
transfer  pumping  of  lead  atoms  certainly  suggest  the  possibility  of 
additional  amplifier  systems.  It  is  particularly  encouraging  that  some  of 
these  may  represent  four  level  systems  which  obviate  the  self  absorption 
bottleneck  that  may  plague  the  Si-SiO-Na  system  at  high  Na  concentration. 

The  near  resonant  energy  transfer  pximping  of  copper  vapor  is  of  interest 
not  only  because  of  the  close  analogy  which  it  bears  to  the  soditim  and 
potassium  systems  but  also,  as  Figure  19  indicates,  because  it  is  possible  to 
energy  transfer  pump  the  copper  vapor  laser  transitions55  (see  also  Table  IV 
Appendix  V)  using  metastable  SiO  (Si-SiO-Cu  system).  However,  it  is  also  of 
interest  that  the  results  demonstrated  in  Figure  19  were  obtained  using  an 
approach  which  represents  a  significant  extrapolation  from  the  configuration 
in  which  a  "premixed"  Tl/Ge  mixture  has  been  used  to  obtain  pulsed 
amplification  on  the  T1  '^S-^12  “  ^^3/2  transition. Here,  Si  and  Cu  were 
premixed  and  co-vaporized  from  a  single  crucible.  The  resulting  mixture  was 
then  oxidized  to  yield  the  observed  energy  transfer  pumping  spectrum  depicted 
in  Figure  19.  (It  is  worth  noting  that  N2O,  used  as  the  oxidant,  produces  a 
dark  reaction  with  copper  vapor.) 

The  results  presented  in  Figures  18  and  19  clearly  demonstrate  that  there 
are  intriguing  variations  on  the  soditam  based  system.  In  fact  the  level 
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Figure  19:  Copper  -  SiO  (a^S+,b^Il)  near  resonant  energy  transfer  spectra 

generated  from  a  "premixed"  Si-Cu  mixture  subsequently  oxidized 
with  NoO.  (a)  Spectrum  showing  a  portion  of  the  SiO  metastable 
emission,  the  Cu  2^3/2  ~o^®5/2  green  emission  line  (copper 

vapor  laser)  and  the  Cu  2P3/2  1/2  "  yellow-orange  emission 

features,  (b)  Energy  levels  for  the  copper  atom. 
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Copper  *310  b^H)  noer  rMonant  onergy  transfer  spectre 

generated  froa  a  '*preBlxed**  Sl'Cu  eixture  subsequently  osidlsed 
with  N^O.  (a)  SpMtruB  showing  a  portion  of  the  SiO  aatastable 
eaission*  the  Cu  green  saisslon  line  (copper  vapor 

laser)  mad  the  Cu  ^^3/2  yellow-orange  eeissioo  features, 

(b)  Energy  levels  for  t&e  copper  atoe  with  observed  transitions  as 
indicated  in  (a).  See  test  for  discussion. 


structure  depicted  suggest  that  the  three  level  excitation  scheme  may  offer  a 
considerable  range  of  radiative  configurations  (lifetimes)  which  can  be 
accessed  in  near  resonant  pumping. 

Improving  the  Si  Atom  and  SiO  Metastable  Source  Configurations 

In  order  to  obviate  the  need  for  a  high  temperature  source  technology  to 
generate  the  silicon  atoms  which  are  subsequently  oxidized  to  form  metastable 
SiO,  we  have  been  concerned  with  the  conversion  of  gaseous  silane  (SiH^)  in 
high  yield  to  atomic  silicon.  The  development  of  a  successful  device  for  the 
generation  of  silicon  atoms  and  SiO^  species  in  large  yield  might  also  prove 
useful  to  the  microelectronics  industry.  The  sources  which  we  have 
constructed  and  tested  can  be  categorized  into  four  groups  involving 
thermolysis,  low  temperature  thermolysis  +  subsequent  discharge  through  the 
products  of  thermal  decomposition,  low  and  elevated  temperature  thermolysis 
followed  by  photolysis,  and  a  hybrid  approach  which  involves  the  thermolysis 
of  silane  over  bulk  silicon  viz. 

SiH^  +  Si  2SiH2  discharge  ^  ^ 

at  temperatures  considerably  below  those  required  to  vaporize  bulk  silicon. 
Note  that  the  process  (4)  is  attractive  because  it  yields  two  silicon  atoms. 

Figure  20  depicts  an  initial  silane  discharge  configuration  where  SiH^ 
passing  into  a  nozzle  arrayed  copper  tube  (representing  the  cathode)  then 
passes,  inside  a  dielectric  insulating  shell,  to  a  copper  screen  covered 
(anode)  exit  slit.  This  configuration,  inserted  into  the  previously  developed 
SiO  source  configuration,  replacing  the  high  temperature  Si  oven  (side  view 
Figure  20(b)),  has  been  used  in  preliminary  experiments  to  pump  the  B-X 
transition  of  molecular  bromine.  The  preliminary  results  outlined  in  Figure 
21  suggest  that  well  established  optically  pumped  Br2  (BrCl  and  IF)  lasers 
with  ideal  excited  state  radiative  lifetimes  (B-X  transition)  might  be 
accessible  to  an  efficient  (-^3.4  eV  energy)  SiO  metastable  energy  transfer 
pump  quite  analogous  to  that  observed  for  A  state  nitrogen  and  the  halogens. 

The  thermal  decomposition  of  silane  is  thought  to  be  initiated  through 
the  reaction 
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SiH^  ^  SiH2  +  H2 


where  further  decomposition  of  the  silylene  (SiH2)  radical  may  progress  to 
form  atomic  silicon  and  molecular  hydrogen.  This  latter  reaction  must  compete 
with  the  reaction  of  silylene  and  silane  (see  Appendix  XV)  to  produce  higher 
silanes  which  can  ultimately  result  in  gas  phase  nucleation  without  careful 
control.  The  reactivity  of  silylene  and  silane  has  been  suggested  as  an 
explanation  for  the  low  concentrations  of  SiH2  in  electric  discharges  through 
silane  where  it  (SiH2)  is  predicted  to  be  an  important  intermediate  of  the 
discharged  silane  decomposition.^^ 

The  considerations  outlined  suggest  that  for  the  pyrolysis  of  silane  or  a 
combination  of  pyrolysis  and  discharge  through  the  thermolizing  products  to 
proceed  completely  to  silicon  and  hydrogen,  it  should  be  accomplished  in  an 
inert  diluent  to  prevent  side  reactions.  In  an  attempt  to  measure  the 
unimolecular  decay  rate  for  silylene,  Votintser  et  al.^S  employed  dilutions 
ranging  from  0.0004  -  0.001%  of  silane  in  argon  in  order  to  study  the 
decomposition  in  a  shock  tube  environment.  These  considerations  must  also  be 
employed  when  developing  a  thermolysis  based  source  for  the  production  of 
metastable  SiO.  We  have  successfully  used  dilutions  producing  a  0.05% 
concentration  of  silane  in  argon  (Appendix  XV). 

Figures  22,  23,  and  24  indicate  several  early  pyrolysis  configurations 
which  have  been  tested  in  the  High  Temperature  Laboratory.  Here  we  attempted 
to  pyrolyze  the  silane  directly  using  either  a  carbon  (Fig.  22),  nickel  (Fig. 
23),  or  tantalum  wrapped  ceramic  (mullite)  tube  (Fig.  24),  again  placed  within 
the  modified  confines  of  our  previously  developed  SiO  source  configuration. 

We  find  significant  conversion  to  silicon  with  all  three  designs,  their 
limitation  resulting  primarily  from  the  blockage  of  inlet  and  exit  ports  due 
to  silicon  condensation.  This  clearly  signals  the  need  for  diluent  gas 
entrainment  -  flow  techniques  as  a  means  of  limiting  condensation  of  the 
silicon  atoms  at  temperatures  far  below  the  melting  point  of  silicon.  These 
modifications  are  now  successfully  testing  in  our  laboratory.  We  are  also 
considering  further  modifications  in  conjunction  with  the  reconstruction  of 

the  discharge  configuration  outlined  in  Figure  20. 

Figure  25  outlines  a  hybrid  discharge-pyrolysis  source  which  incorporates 
the  designs  of  Figures  20  and  23.  Here  we  attempted  to  pyrolyze  the  silane  in 
a  nickel  tube  furnace  which  also  acted  as  the  cathode  for  a  discharge 
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Figure  26 


configuration.  With  some  modification  to  include  diluent  flow  in  a  more  open 
configuration,  this  silicon  source  design  appears  promising. 

The  design  depicted  in  Figure  26  represents  a  discharge  device  in  which 
we  attempted  to  better  confine  the  gas  flow  by  enclosing  the  silane  inlet/ 
electrode  assembly  in  a  teflon  housing.  With  a  proper  balance  of  diluent  gas, 
this  configuration  might  eventually  prove  successful  for  a  discharge  based 
configuration,  however,  it  will  require  modifications  to  avoid  atomic  silicon 

condensation  in  the  discharge  channel. 

Figure  27  depicts  a  configuration  in  which  we  have  attempted  to  engineer 
(as  in  Equation  (4))  the  conversion  of  a  silane-silicon  interaction  to  produce 
two  silylene  radicals  and  subsequently  two  silicon  atoms.  Here  silane  was 
made  to  flow  over  silicon  contained  and  heated  in  a  carbon  tube  furnace.  This 
approach,  with  a  proper  balance  of  diluent  also  appears  promising.  In  the 
absence  of  diluent,  the  efficient  conversion  of  the  silane  to  silicon  and  its 
subsequent  condensation  soon  produces  a  blockage  of  oven  components.  If  this 
problem  can  be  remedied,  the  configuration  of  Fig.  27  appears  to  represent  an 
excellent  SiO  metastable  source  configuration. 

Figures  28  and  29  (see  also  Appendix  XV)  depict  tubular  pyrolizer 
configurations  which  we  have  now  used  successfully  in  the  High  Temperature 
Laboratory  (Appendix  XV)  to  produce  intense  SiO  metastable  flames.  Figure  28 
depicts  a  single  pyrolizer  whereas  Figure  29  depicts  the  tandum  assembly 
which,  moimted  in  a  ceramic  base,  can  be  used  to  produce  an  extended  path 
length  SiO  metastable  flame.  The  pyrolizers  are  constructed  from  alumina  or 
zirconia  tubing  ('x.  6mm  l.D,  10  cm  in  length)  and  employ  a  tantalum  heating 
wire  wrap  sealed  by  high  temperature  cement  and  surrounded  by  a  tantalum  heat 
shield.  Silane  in  an  argon  diluent  ('v  1-5%  SiH^)  produces  a  significant 
silicon  flux  which,  when  reacted  with  N2O  produces  the  intense  SiO  metastable 
flame  depicted  in  Figure  30.  Here  calculations  demonstrate  (Appendix  XV)  that 
the  ratio  of  b^n  metastables  to  all  other  excited  state  species  formed  in  the 
system  exceeds  2200/1.  This  now  very  successful  configuration  is  discussed  in 

detail  in  Appendix  XV. 

Figures  31(a)  and  (b)  represent  an  assembled  and  expanded  view  of  the 
sintered  glass  reaction  channel  which  we  are  using  to  attempt  to  overcome  the 
silicon  condensation  problem.  Here,  the  silane/diluent  mixture  passes  through 
a  sintered  glass  inner  channel,  the  walls  of  which  are  permeable  to  an 
entraining  argon,  helium,  or  nitrogen  gas  flow  (so  as  to  prevent  condensation 


26 


product  gas  from  silane/heated  silicon 


irbon  piece  heated  directly  with  electric  current  or  through  a  heated  tantalum  jacket 


O  (1) 

0)  4= 
a  fl) 
«  E 
£  S 


O  3 
£  Q. 


U  0 

<U  -is 

Q.  <U 

(0  £ 

O  P 


P 

C  «« 

J5  jSJ 
•«  .E 


i| 

o  .E 


t;  W 

E  3 

OT  O 

:5  i=  « 
o  >S.E 


'WMijJi 


0) 

N  C 

1^1 
-  f  £  CL 
.a  §1  2 
E  E  ^  ^ 
2  N  S  E 


^  E 
^ 

c  o 

”*-  c  TI 
c  o  ^ 

P  ‘4=  P 

3  3  "S 
=  r=  TO 

•D  *o  E 

il  if 

:=  ^  Ql  2* 
W  w  P  P 


Figure  28 


2900  2990  3080  3170  3260  3350 

Wavelength (Angstroms) 


Figure  30 


dissociated  product 


▲ 


sintered  glass 
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Exploded  view  of  sintered  glass  channel  and  housing  assembly.  The  glass  assembly  is  sealed  to 
a  shelf  in  the  housing  and  the  lower  face  of  the  top  plate  with  high  temperature  cement.  The 
space  between  the  glass  channel  and  the  housing  is  pressurized  with  a  neutral  gas  introduced 
through  holes  in  two  inlet  tubes  (one  tube  is  visible  in  this  side  view).  The  housing  is  heated 
with  a  Thermocoax  wrap.  Silane  is  introduced  through  the  bottom  slit  in  the  housing,  the 
dissociated  species  exit  through  the  top  slit. 

Length  of  brass  housing  is  approximately  75  mm,height  is  30  mm  (including  top  plate)  and 
width  is  30  mm. 


Figure  31  (a) 


top  plate  (brass) 


sintered  glass  channel 


side  \  iew 


neutral  gas 
inlets 


top  view 


main  housing  (brass) 


sintered  glass  channel  and  housing 

Figure  31(b) 


on  the  inner  channel  walls).  This  device  has  now  been  used  to  produce  a  weak 
SiO  flame  may  possibly  be  developed  further  in  the  High  Temperature 
Laboratory. 

With  improvements  in  the  arsenal  of  sources  we  have  outlined,  we  are 
confident  that  we  will  be  able  to  obtain  substantial  SiO  metastable 
concentrations  in  excess  of  10^^/cc  using  a  thermolysis  and/or  a  hybrid 
thermolysis  -  discharge  (photolysis)  source  operating  at  a  temperature 
considerably  below  the  silicon  metalloid  melting  point. 
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I.  INTRODUCTION 

Because  they  not  only  represent  bridging  regions  of  molecular  bonding  and 
electronic  structure  but  also  display  distinct  intermolecular  interactions  and  reac¬ 
tivity,  clusters,  and  metal  and  metalloid  clusters  in  particular,  are  now  attracting  the 
attention  of  physicists,  chemical  physicists,  and  chenusts  alike.  •  These  interme¬ 
diate  states  of  matter  warrant  investigation  because  the  an^ysis  of  their  properties 
impacts  strongly  on  our  understanding  of  (1)  the  nucleation  of  atoms  into  small 
metal  or  metalloid  particles,  (2)  the  development  of  features  that  form  the  character 
of  the  bulk  semiconductor  or  metallic  phase,^  and  (3)  the  basis  for  reactive 
interaction  with  this  bulk  phase. 

Most  heterogeneous  chemical  conversion  processes  require  intimate  mteracuon 
with  the  surface  of  a  condensed  phase.  The  widespread  applicability 
processes  in  a  variety  of  practical  applications  encompassing  metal  combustion, 
chemical  vapor  deposition,  plasma  etching,  and  general  industrial  catalysis  h^ 
fueled  a  significant  theoretical  and  experimental  research  effort  to  understand  me 
intimate  interactions  associated  wim  surface  participation  and  reactivity.  An  in¬ 
creasingly  popular  and  potentially  enlightening  component  of  this  effort  now 
involves  me  modeling  of  a  small  group  of  interacting  atoms  (cluster)  on  the  surface. 
\Wthin  this  framework  me  detailed  study  of  small  clusters  and  their  oxidation  to 
produce  metal  clustered  oxides  can  provide  needed  insights  relevant  to  me  incor¬ 
poration  of  local  interactions  into  modeling  at  much  larger  scales. 

Wim  a  dual  emphasis  on  their  unique  nature,  as  well  as  the  potential  for  bom 
theoretical  and  experimental  extrapolation  to  larger  scales  appropriate  for  describ¬ 
ing  bulk  properties,  several  elegant  technologies  are  emerging,  often  in  combina¬ 
tion,  to  study  clusters  and  their  compounds.  These  efforts  have  as  their  objective  a 
fingOTrinting  of  electronic  structure,  molecular  bonding,  and  a  unique  and  varied 
cluster  chemical  reactivity.*"^  Despite  many  impressive  ^proaches,  me  internal 
mode  structure  and  dynamics  associated  not  only  with  me  metal  clusters  mem- 
selves'*  but  also  with  the  products  of  meir  kinetically  controlledoxidation  have  bren 
largely  neglected.  The  limited  information  mat  is  available  demonstrates  that 
metal  clusters  undergo  a  unique  and,  in  many  instances,  totally  unexpected  reactive 
branching.*  TTie  study  of  this  reactive  branching  is  fundameiital  to  me  development 
of  rules  required  to  extrapolate  from  simple  A  +  BC  reactions.  Furthermore,  me 
analysis  of  the  quantum  level  structure  of  product  metal  cluster  oxides  and  halides 
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formed  in  highly  exothermic  oxidation  processes  provides  detailed  and  fundamen¬ 
tal  information  on  molecular  structure  and  bonding.^*  In  correlation  with  molecu¬ 
lar  dynamics  simulations  and  quantum  chemistry  these  data  can  serve  as  a 
touchstone  for  the  development  of  a  reasonable  framewOTk  to  describe  (1)  highly 
exothermic  combustion  processes  or  (2)  local  coqjerative  atomic  phenomena  and 
mobilities,  the  fingerprint  of  which  can  be  useful  in  modeling  the  interface  at  metal 
cluster  oxide  surfaces  where,  for  example,  catalytic  behavior  is  most  likely  influ¬ 
enced. 

In  effect,  studies  of  gas-phase  metal  cluster  oxidation  afford  the  opportunity  to 
characterize  the  intermediate  region  bordered  on  the  one  side  by  the  gas-phase 
oxidation  of  metallic  atoms  and  dimers  and  on  the  other  by  the  surface  oxidation 
of  the  bulk  metallic  phase.  It  has  been  suggested  that  these  studies  may  provide 
information  useful  for  the  assessment  of  short  and  long  range  factors  affecting 
surface  oxidation.’  It  is  also  relevant  that  most  catalysts  are  in  an  oxidized  form. 
When  modeling  a  catalytic  metal  oxide  surface,  we  are  concerned  with  how  various 
few  atom  metal  clustered  oxide  configurations  can  be  formed,  the  approximate 
potentials  describing  the  particle  interaction,  and  the  manner  in  which  the  interact¬ 
ing  constituences  can  be  altered.  A  valuable  component  of  this  information  can  be 
obtained  from  the  study  of  metal  cluster  oxidation.  In  addition,  fundamental 
information  obtained  on  the  highly  ionic  metal  clustered  oxides  serves  to  comple¬ 
ment  characterizations  of  positively  and  negatively  charged  metal  cluster  ions 
whose  properties  may  mimick  charge  localization  on  a  metallic  surface.''^ 

V/e  have  ocen  concerned  with  me  stuay  of  the  oxidation  dynamics  that  a  number 
of  metal  (and  metalloid)  clusters  undergo  as  they  form  a  distinct  class  of  metal  atom 
grouped  cluster  oxides^  and  halides®  under  kinetically,  as  opposed  to  thermody¬ 
namically,  controlled  conditions.  An  effort  has  begun  to  characterize  the  internal 
mode  structure  of  the  product  metal  clustered  oxides  and  halides.  In  developing 
these  studies,  we  have  analyzed  the  first  vibrationally  resolved  optical  signatures 
for  several  “asymmetric”  metal  cluster  oxides.®  We  have  also  demonstrated  the  first 
visible  chemical  laser  amplifier  fftMn  a  metal  cluster  oxidation  process.’  These 
studies  graphically  demonstrate  the  dramatic  and  unexpected  oxid^ion  behavicM* 
characteristic  of  small  metal  cluster  reactions  and  point  to  the  potential  for  devel¬ 
oping  new  insights  on  the  nature  of  chemical  reactivity. 

The  products  of  metal  cluster  oxidation  may  be  studied  using  a  combination  of 
chemiluminescent  (product  formation  in  excited  electronic  states  for  highly  exo¬ 
thermic  oxidation)  and  laser  fluorescent  techniques.  In  these  applications  one  must 
realize  that  observations  of  the  internal  mode  structure,  associated  especially  with 
the  polyatomic  products  of  metal  cluster  oxidation,  may  be  plagued  by  the  rapid 
depletion  of  excited  state  populations  due  to  nonradiative  processes.  These  proc¬ 
esses  can  dominate  and  deplete  the  produa  states  either  before  the  emission  of  a 
monitoring  photon  (chemiluminescence)  can  occur  or  before  an  appropriate  laser 
spectroscopic  probe  can  be  made  operative.’®  To  overcome  this  difficulty,  we 
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require  the  development  of  intense  metal  cluster  sources  which  offer  a  viable  means 
to  compensate  for  the  dominant  quenching  of  the  optical  signatures  associated  with 
the  polyatomic  emitters  of  interest 

Quantum  level  probes  of  the  products  of  metal  cluster  oxidation  are  being 
developed  with  a  current  emphasis  on  two  distinct  source  configurations.  In  one 
configuration  a  stream  of  metal  clusters  formed  through  the  “supersonic  expansion” 
of  the  metallic  element  of  interest  is  made  to  intersect  a  selected  oxidant  (modified 
beam-gas  configuration),  the  products  of  reaction  being  studied  using  a  combina¬ 
tion  of  chemiluminescent  and  laser  fluorescent  techniques.  This  configuration  has 
been  used  to  study  the  sodium  trimer-halogen  atom  reactions.’ 

Of  possibly  more  significance  is  the  develc^ment  of  a  second  more  versatile 
source  configuration  that  lies  intermediate  to  a  low  pressure  molecular  beam  and 
high  pressure  flow  device."  Clusters  are  formed  from  a  high  metal  flux  source  and 
further  agglomerated  by  an  entraining  argon  or  helium  flow  at  room  to  liquid 
nitrogen  temperature.  Using  this  source,  we  have  successfully  obtained  the  first 
quantal  information  on  the  energy  levels  and  optical  signatures  of  several  metal 
cluster  oxides  and  selected  halides  (M„0,  MnX).  Our  focus  in  these  studies  is  to  be 
distinguished  from  recent  very  ©cciting  investigations  in  which  small  to  interme¬ 
diate  size  clusters  have  been  generated  in  flow  systems,’’  reacting  with  reagents  in 
either  merged  continuous  or  pulsed  flow  streams  under  high  pressure  r-  300-500 
torr)  conditions.  The  products  of  reactivity  in  these  merged  flows  have  been 
measured  mass  spectrometrically  extracting  important  kinetic  information;  how¬ 
ever,  the  technique  is  not  yet  oriented  to  a  direct  measure  of  stractural  or  dynanuc 
properties. 

In  the  first  part  of  our  discussion,  we  will  sumrtuuize  (1)  the  experimental 
techniques  for  generating  large  concentrations  of  small  metal  clusters  in  a  highly 
exothermic  oxidizing  environment  and  (2)  a  portion  of  the  information  that  we  have 
garnered  thus  far  on  die  quantum  levels  of  metal  cluster  oxide  and  fluoride 
compounds,  M  A  and  M^Fy.  These  studies  not  only  outUne  the  potential  use  of 
chemiluminescence  as  a  means  of  characterizing  metal  cluster  oxide  quantum 
levels,  but  also  they  suggest  future  laser-induced  fluorescent  probes  of  die  metal 
cluster  oxides. 

In  the  second  part  of  our  discusdon,  we  wiU  focus  on  the  use  of  supersonic 
expansion  sources  for  cluster  generation  and  the  highly  efficient  alkali  trimer- 
halogen  atom  reactions  that  have  now  been  demonstrated  to  form  the  gain  medium 
for  the  first  continuous  visible  chemical  laser  amplifier.’  Finally,  we  will  oudine 
the  new  technique  of  Hectric  Field  Enhanced  Laser-Induced  Plasma  Spectroscopy 
(EFELIPS)  as  a  relatively  simple  and  general  rqiproach  to  the  moping  of  electronic 
states  ?nri  internal  mode  structure  in  small  metal  clusters,  their  ions,  and  small  metal 
and  metalloid  based  ion-molecule  complexes. 
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II.  QUAISHUM  LEVEL  PROBES  OF  THE  METAL  CLUSTERED 

OXIDES  AND  HALIDES 

A.  A  Versatile  Source  Configuration  for  the  Study  of  Small  Cluster 

Oxidation 

To  study  the  optical  signatures  and  internal  mode  structure  of  metal  cluster  oxides 
and  halides  and  the  dynamics  of  metal  cluster  oxidation,  we  are  developing  a 
combination  of  both  chemiluminescent  and  laser  fluorescent  probes  across  a  wide 
pressure  range.  A  major  emphasis  and  the  ultimate  goal  of  these  experiments  will 
be  to  generate  laser-induced  fluorescent  spectra  of  the  metal  cluster  oxides  (with 
potential  extension  to  the  halides)  in  order  to  assess  the  geometries  and  evaluate 
the  molecular  electronic  structure  of  these  metal  atom  clustered  oxides. 

A  versatile  entrainment  device  has  been  constructed  and  used  primarily  to 
develop  chemiluminescent  probes  of  the  products  of  metal  cluster  oxidation.  To 
carry  out  these  studies  we  extrapolate  on  experience  gained  in  the  study  of 
chemiluminescent  metal  atom  oxidation  reactions. We  focus  on  the  development 
of  “high  flux”  continuous  metal  flow  sources,  which  we  use  to  create  large 
concentrations  of  small  metal  clusters.  We  create  an  intermediate  environment  to 
that  of  a  low  “source”  pressure  effusive  device,  where  primarily  atoms,  a  small 
percentage  of  diatomics,  and,  in  some  cases,  small  percentages  of  polyatomics  are 
created,*^  and  those  conditions  that  prevail  subsequent  to  the  highly  efficient 
agglomeration  of  a  metallic  plasma.  The  later  condition  is  characteristic  of  laser 
vaporization — supersonic  expansion  at  high  backing  gas  pressures.  Laser  vapori¬ 
zation,  when  operated  in  the  pulsed  supmonic  expansion  mode,  produces  a  wide 
diversity  of  much  larger  clusters  (vs.  effusive  source)  although  at  relatively  small 
(ilO’/cm^)  effective  concentration.’^ 

We  operate  a  metal  source  at  temperatures  or  through  containment  designs  that 
produce  a  Knudsen  number  much  less  than  one  and  create  the  seed  for  the  initial 
phases  of  a  cluster  forming  environment.  The  high  metal  flux,  which  within  itself 
can  lead  to  agglomeration  to  form  clusters,  is  further  agglomerated  to  small  clusters 
by  an  entraining  argon  or  helium  flow  at  room  to  liquid  nitrogen  temperature. 

The  heart  of  the  agglomeradon-entrainment  device  depicted  schematically  in 
Figure  la  consists  of  a  large  capacity  furnace  assembly.  Here,  using  a  tungsten 
basket  heater  (R.  D.  Mathis),  a  metal  is  heated  in  a  particularly  designed  crucible, 
selected  for  the  metal  or  metalloid  whose  oxidation  is  under  study,  to  a  temperature 
producing  a  vapor  pressure  between  one  and  three  wders  of  magnitude  greater  than 
that  employed  for  effusive  operation.  The  basket  heater  is  wr^ped  in  zirconia  cloth 
(Zircar,  Florida,  N.  Y.)  and  surrounded  concentrically  by  (1)  a  tantalum  heat  shield 
and  (2)  a  cylindrical  heavy-walled  zirconia  tube  (Zircar).  Both  the  top  and  bottom 
of  the  basket  heater  zone  are  heavily  insulated  with  zirconia  cloth.  This  extra 
insulation  allows  the  ready  operation  of  the  tungsten  basket  heater  at  temperatures 
consistently  at  the  upper  limits  of  its  performance  specifications. 


rieun  1,  a.  Schematic  of  metal  entrainment-agglomeratlorvoxidation  device  show- 
inc  tungsten  basket  heater,  insulation,  entrainment  region,  and  oxidation  region. 
Above  the  flame-oxidation  region  is  a  small  quadrupole  based  mass  spectrometer 
system,  b.  Outline  of  entraining  gas  cooling  system. 
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The  metal  flux  issuing  from  the  lower  crucible  chamber  is  entrained  in  a  rare  gas 
(He  or  Ar;  Airco  99.998%)  flow  ranging  in  pressure  from  100  to  3000  millitorr, 
dependent  upon  the  metal  under  study  and  the  qjtimization  of  the  chemilumines¬ 
cent  oxidation  processes  of  interest  The  agglomeration  of  the  metal  to  form  small 
clusters  occurs  both  as  a  result  of  the  high  metal  flux  and  as  the  metal  flow  is  cooled 
by  the  variable  temperature  entrainment  gas.  To  vary  the  temperature  of  the 
entrainment  gas  the  entire  upper  assembly  depicted  in  the  figure,  with  which  the 
gas  is  in  intimate  contact,  is  maintained  at  a  desired  temperature.  This  is  accom¬ 
plished  with  the  systems  depicted  in  Figure  lb.  For  cooling  to  temperatures 
t^proaching  196  K,  methanol  is  continuously  pumped  through  all  cooling  lines 
after  passing  through  a  dry  ice  slush  bath.  To  obtain  lower  temperatures,  liquid 
nitrogen  is  allowed  to  flow  at  varying  rates  through  these  cooling  lines.  The  choice 
or  degree  of  cooling  is  dictated  by  several  parameters  associated  with  the  particular 
metal  or  metalloid  clusters  whose  oxidation  is  under  study. 

At  a  suitable  point  above  the  flow,  an  oxidant  intersects  the  entrained  clusters, 
entering  either  from  a  concentric  ring  injector  inlet  as  depicted  in  Figure  1  a  or  from 
a  nozzle  perpendicular  to  the  flow  and  elevated  above  Ae  cooled  upper  region  of 
the  oven  assembly  (Figure  lb).  Typical  oxidant  pressures  range  from  10  to  100 
millitorr.  For  metatheses  that  are  sufficiently  exothermic,  a  chemiluminescent 
flame  may  be  formed. 

In  the  studies  that  we  will  outline,  concentrations  of  metal,  carrier  gas,  and 
oxidant  are  adjusted  in  a  controlled  manner  to  maximize  or  minimize  the  intpn^iHpc 
of  the  emitters  of  interest  over  the  spectral  region  230-800  nm.  The  “multiple 
collision”  flames  vary  in  shape  with  a  ^e  diameter  of  1 2  mm  and  a  height  ranging 
from  I  to  5  cm.  They  are  adjusted  primarily  by  varying  four  parameters:  (1)  metal 
flux,  (2)  entrainment  gas  cooling,  (3)  pumping  speed,  and  (4)  oxidant  configuration 
and  concentration.  On  the  basis  of  previous  studies,*^  the  final  internal  rotational 
temperatures  of  the  clusters  before  reaction  will  be  considerably  lower  than  the 
oven  source  from  which  the  metal  flow  exits  (~  Troc  s  200  K  for  cold  entrainment). 
When  readily  characterized  for  diatomic  emitters,*^  the  rotational  temperatures  for 
room  temperature  entrained  reaction  products  are  found  to  vary  from  500  to  900 
K.  This  range  provides  a  reasonable  estimate  for  the  rotational  temperature  of  the 
polyatomic  products  of  the  metal  cluster  oxidation  reactions  considered. 

For  processes  that  are  chemiluminescent  at  low  pressures,  where  excited  states 
are  populated  due  strictly  to  a  well-defined  reaction  exoergicity  and  photons  are 
emitted  from  the  reaction  products  before  subsequent  collisions,  extremely  com¬ 
plex  spectra  may  result;  the  controlled  extension  of  these  studies  to  the  multiple 
collision  regime  can  provide  useful  spectral  simplificadon  primarily  as  a  result  of 
differences  in  rotational,  vibrational,  and  electronic  relaxation  rates.  In  addition  to 
the  merits  of  spectral  simplification,  multiple  collision  scans  serve  two  primary 
purposes:  (1)  They  allow  the  study  of  relaxation  and  quenching  phenomena,  and 
(2)  they  allow  the  study  of  rapid  energy  transfer  among  the  excit^  states  of  high 
temperature  molecules.  Extensions  from  single  to  multiple  collision  conditions 
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Table  1.  Parameters  Associated  with  the  Generation  of  Metal 


Cluster  Flows 

MetaKPurity,  Source) 

Source  Temperature 
(Vapor  Pressures) 

Effusive  Operation 

Ag(99.99,  Ccrac) 
Cu(99.9,  Fisher) 
B{99.7.Alfa) 
Mn(99.95,  Fisher) 

1400-1700  K(10‘'-5  Ton) 
1650-1960  K(10"‘-2Torr) 
2520-2800  K  (lO'-l  Torr) 
1350-1600  K(10‘‘-5Torr) 

*1400K(!0"'TotT) 
*1650  K  (10'' Torr) 
*2520  K  (10"' Tort) 
*1300  K  (<10"'  Torr) 

must  be  made  under  conditions  such  that  only  relaxation  and  rapid  energy  transfer 
characterize  the  spectra.  We  maintain  a  well-defined  energy  conservation.  With  the 
exception  of  complex  light  emitting  processes,  which  are  readily  ascribed  to  a 
combination  of  the  dynamics  of  product  formation  and  rapid  energy  transfer,  a 
reaction  that  is  dark  under  single  collision  conditions  remains  dark  under  multiple 
collision  conditions  as  energy  is  conserved.  This  is  an  important  touchstone  for  the 
experiments. 

Here,  we  focus  primarily  on  highly  exothermic  copper,  silver,  and  boron  cluster 
oxidations,  touching  also  on  transition  metal  reactions  that  produce  the  metal 
cluster  oxides  and  halides.  For  the  present  studies,  the  oven  source  parametere 
summarized  in  Table  1  correspond  to  a  gas-phase  metal  flux  between  3x10  and 
5  X  10^®  parti cles/cm^-sec  at  the  source  crucible  orifice,  the  concentrations  at  the 
upper  limit  being  well  in  excess  of  that  generated  from  an  effusive  source.  The 
oxidants  NO2  and  Os’*  have  been  used  in  the  majority  of  these  studies.  The  spectra 
depicted  in  Figures  1-10  were  taken  with  a  1-m  Czemy-Tbrner  scanning  spec¬ 
trometer/photomultiplier  detector  combination.  The  photomultiplier  signals  were 
channeled  to  a  picoammeter  whose  output  signal  (partially  damped)  was  fed  to  a 
computer-based  data  acquisition  system  or  directly  to  a  stripchart  recorder. 

B.  Cluster  Oxidation  Studies~nA  Complementary  Research  Effort 


Several  variants  of  the  source  configuration  outlin^  in  the  previous  section  have 
been  used  to  generate  a  substantial  and  usable  continuous  flux  of  metal  clusters. 
The  optical  signatures  of  the  reaction  products  associated  with  the  oxidation  of 
small  boron  (B,  +  N02,N20),*«  copper  (Cu,  +  O3,  CI2.  Cl).^’^"*  silver  + 
O3,  manganese  (Mn,  +  O3).*''  and  chromium  (Cr,  +  03,F2)'^  clusters 

have  been  studied.  We  have  obtained  the  first  quantal  information  on  the 
levels  and  optical  signatures  of  several  asymmetric  metal  clustered  oxides,  M„Oy 
(n  i  2)  and  preliminary  data  on  the  copper  and  chromium  cluster  chlorides  and 
fluorides.  These  systems  were  chosen  for  study  with  a  view  toward  contributing  to 
the  modeling  of  chemically  imptxtant  environments.  Thus,  the  interest  in  these 
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systems  ranges’ from  the  potential  importance  of  the  boron  cluster  oxides  in  boron 
particulate  combustion  systems,^  to  the  potential  importance  of  the  copper  cluster 
oxidation  products  toward  the  action  of  the  copper  oxides  in  superconducting 
materials.^*  This  work  has  led  to  three  general  observations  concerning  cluster 
reactions: 

1 .  Cluster  oxidations,  through  a  multicentered  reaction  capability,  often  yield 
product  molecules  in  higher  energy  states  than  do  the  corresponding  atomic 
reactions. 

2.  The  products  of  metal  cluster  reactions  encompass  metal  rich  molecules.  In 
many  cases,  metal-metal  bonds  are  present  and  behave  with  an  unusual 
fluxionality  in  these  product  molecules. 

3.  Kinetics  rather  than  thermodynamics  most  often  controls  the  nature  of  the 
initially  formed  products  of  metal  cluster  oxidation. 


C.  Comparative  Energetics  of  Metal  Cluster  Oxidation  Reactions 

Reactions  between  metal  atoms  and  oxidants  have  long  been  used  to  produce 
metal  oxides  and  halides  for  spectroscopic  and  kinetic  investigation.^  The  energy 
released  in  these  reactions  of  the  form: 

M  +  Y-X  — MX*  +  Y  (1) 

is  given  by: 

A£rxn-D8(MX)-D8(X-Y)  +  A£int  (2) 

where  D8(A)  is  the  bond  dissociation  energy  of  A  and  A£int  is  the  contribution 
from  reactant  internal  and  translational  energy.  For  a  typical  oxidant  (O3,  NjO,  F2) 
reacting  with  a  transition  metal  atom,  the  process  1  gives  a  maximum  exothermicity 
between  approximately  2  and  4  eV.'°  The  reaction  exothermicity  for  the  process: 

CU+O3  — Cu0*+02  (3) 

is  1.76  ±  0.05  eV.  This  process  is  energetic  enough  to  populate  die  v'  =  2  level  of 
the  CuO  state,  and  the  data  obtained  for  cc^per  atom  and  cluster  oxidation 
depicted  in  Figure  2  demonstrates  that  the  avail^le  energy  for  the  atomic  oxidation 
process  is  in  excellent  agreement  with  the  chemiluminescent  spectrum  observed 
for  reaction  3  under  near  single  collision  conditions. 

There  is,  however,  growing  evidence  that  the  multicentered  oxidation  of  metal 
dimers  (or  larger  clusters)  can  result  in  a  significantly  more  energetic  process  that 
populates  considerably  higher  lying  electronic  states  of  those  product  molecules 
formed  in  reaction.  Four  center  dimer  reactions  of  the  form: 


M2  +  XY  — MX*+MY 


(4) 
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Figure  2.  Chemiluminescent  spectra  observed  for  the  oxidation  of  small  copper 
clusters  taken  with  an  EMI  9808  phototube  at  a  resolution  of  1 2  A.  a,  Single  collision 
chemiluminescent  spectrum  taken  with  TbeamfCu)  «  1700K;  b,  multiple  collision 
chemiluminescent  spectrum  taken  at  an  entrainment  gas  pressure  of  600  mTorr 
obtained  with  room  temperature  water  cooling;  c,  chemiluminescent  spectrum  ob¬ 
tained  under  multiple  collision  conditions  (Pt  -  600  mTorr)  using  dry  ice/methanol 
cooling;  andd,  chemiluminescent  spectrum  obtained  under  multiple  collision  condi¬ 
tions  (Pt  ~  600  mTorr)  using  liquid  nitrogen  cooling.  Systems  II,  III,  IV,  and  V  are 
attributed  to  Cu*0  species. 


with 


AErxn  -  D8(MX)  +  D8(MY)  -  D8(M2)  -  D8(XY)  +  AEint  (5) 

can  release  1-2  eV  more  energy  than  the  corresponding  atomic  reactions. 

If  Ais  energy  for  multicentered  reaction  is  largely  collected  in  one  of  the  product 
molecules,  then  a  considerable  enhanceinent  of  excited  electronic  states  can  be 
obtained.  As  indicated  in  Figure  2,  the  oxidation  of  copper  clusters  with  ozone  under 
multiple  collision  conditions  produces  emission,  which  originates  from  the  D^A, 
C^n,  A^2,  B^A  and  A'^I  states  of  CuO.  The  population  of  these  states  requires  up 
to  1  eV  more  energy  than  is  available  from  the  copper  atom  reaction.  This  increased 
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exothermicity  could  be  provided  by  the  reaction  of  vibrationally  hot  copper  dimer 
or,  equally  likely  with  moderate  to  high  metal  agglomeration,  by  the  reaction  of 
ground-state  copper  trimer  via  the  process: 

Cu3  +  O3  -*  CuO*  +  CU2O2  (6) 

The  increased  exothermicity  inherent  in  multicentered  metal  cluster  oxidation 
reactions  provides  an  opportunity  to  produce  and  explore  previously  unobserved 
higher  lying  states  in  several  metal  oxide  or  halide  product  molecules.  For  example, 
the  reaction  between  chromium  atoms  and  dimers  and  molecular  fluorine  has 
recently  been  used  to  study  three  previously  unknown  electronic  states  of  CrF.^ 
Prior  to  this  investigation,  only  the  A  *2  -  X  transition  of  CrF  had  been 
analyzed.^^  The  metal  atom  fluorination  reaction: 

Cr  +  F2-CrF*  +  F  (7) 

has  a  reaction  exothermicity  close  to  3  eV  and  produces  two  additional  product  CrF 
band  systems.  Vibrational  analysis  indicates  that  both  terminate  in  the  ground  state. 
The  reaction  of  chromium  dimers  with  molecular  fluorine  viz.: 

Cr2  +  F2-CrF*  +  CrF  (8) 

nearly  doubles  the  reaction  exothermicity.  This  increase  in  reaction  exothermicity 
allows  the  population  of  an  additional  higher  lying  electronic  state  of  CrF.  The 
molecular  constants  determined  for  each  of  the  newly  observed  states  of  CrF  are 
summarized  in  Table  2. 

The  oxidation  of  a  highly  agglomerated  silver  flow  with  ozone  under  multiple 
collision  conditions  produces  emission  from  the  A  ^11  (400-420  nm)  and  the  B 
(320-370  nm)  states  of  AgO.^^’®  Neither  the  reaction  of  silver  atoms  nor  the 
reaction  of  silver  dimers  can  be  expected  to  populate  these  AgO  product  states;  the 
emission  must  result  from  the  oxidation  of  Ag3  or  larger  silver  clusters. 

At  higher  silver  fluxes,  the  AgO  emission  is  quenched  and  the  spectrum  is 


Table  2.  Molecular  Constants  Determined 
for  CrF  Formed  in  the  Chemiluminescent 
Reactions  of  Chromium  Atoms  and  Dimers 
with  Molecular  Fluorine 


State 

0 

662.3(23) 

3.4(9) 

A*! 

9957.6 

577.0(13) 

0.6(4) 

16893(10) 

605.2(20) 

1.8(20) 

-20600 

-580(10) 

— 

D®Z 

31705(15) 

692(6) 

1.8(20) 
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characierizedbyacombmationofAg/)(«2)andAg2bandsystemsTter«ato 

or  eneife-  transfer  producing  the  Agr  emission  have  not  been  cleariy  estabiished. 
However,  multicentered  processes  such  as. 

Ag4  +  O3  -*  Ag2*  +  AgO  +  AgOi 

Ags  +  O3  -*  Agz*  +  AgO  +  Ag202  ( ^ 

represent  the  most  likely  candidate  reactive  encounters.  The  energy  transfer; 

AgO*  +  Ag2-*Ag2*  +  AgO 
and  the  reaction  -  dissociation  sequence: 

Ag3  +  O3  AgzO*  +  AgOz  ^  ^ 

Ag20*  “•  Ag2’'‘  +  0 

are  also  possible  sources  of  the  dimer  excited  electronic  state. 

D.  Optical  Signatures  of  Metal  Cluster  Oxidation—Their  Significance 

The  oxidation  of  small  metal  clusters  also  produces  novel  metal  rich  molecules. 
Experimental  conditions  that  generate  emission  s^tra  for 
been  established  for  the  reaction  systems  B,  +  N02.^  Mn,  +  O3,  Cu,  +  O3. 

Cr  +F2  andAgx+Os.^*-**  An  analysis  ofthe  product  emission  s^tra  has  provided 

the  first  quantal  information  on  the  energy  levels  and  optical  signatures  for  these 
metal  atom  clustered  oxides  and  halides. 

E.  Silver  Cluster  Oxidation 

The  chemistry  of  silver  derives  its  technological  importance  from  ite  u^  m 
photography^^  and  catalytic  processes.^  The  epoxidation  of  ethene  is  ca^lyzed  by 
LportS  silver  where^  the  dehydrogenation  of  methanol  is  catalyzed  by  bu^ 
silvCT  In  both  systems,  the  silver  catalyst  must  be  in  the  form  of  a  silvw  chister^ 
melal  caalys«.  Studies  dtat  chamcmrize  the  meml  clusK^ 
oxides  can  be  used  to  provide  valuable  insights  into  molecular  strucmre  bonding 
and  atomic  mobility  in  the  AggO  constituencies  as  an  ad  to  their 
bulk  configuration.  A  contribution  to  this  modeling  effort  be  pn^  from  the 
study  of  Ag20  and  from  the  extension  of  these  Ag20  studies  to  the  higher  rnetal 
clustered  oxides  AgxO  (jc  a  3).  A  further  extension  to  the  corresponding  AggS 
sulfides  is  also  possible.  These  compounds  are  believ^  to  play  an  important  role, 

through  sulfide-halide  interactions,  in  film  emulsions. 

to  ^  to  study  the  oxidation  of  small  silver  clusters  uang  the  apparatos 
deleted  in  Figure  1 .  silver  metal  is  heated  in  a  specially  designed  graphite  crucible 
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to  temperatures  between  1400  and  1700  K.  The  high  silver  flux  emanating  from 
the  crucible  is  entrained  in  a  flow  of  rare  gas  (He,  Ar)  at  room  temperature. 
Agglomeration  in  the  system  occurs  both  as  a  result  of  (1)  the  high  metal  flux  and 
(2)  the  cooling  of  the  silver  vapor  by  the  room  temperature  entrainment  gas.  At  a 
suitable  point  above  the  furnace  assembly,  ozone  was  introduced  into  the  flow  to 
produce  a  chemiluminescent  flame  corresponding,  in  large  part,  to  an  optical 
signature  for  the  silver  clustered  oxides. 

The  Agx  +  O3  reaction  produces  a  product  molecule  emitter  whose  spectrum 
extends  from  506  to  680  nm  (Figure  3)  and  which  has  tentatively  been  assigned  to 
Ag20.  The  chemiluminescent  spectrum  between  500  and  700  tun  contains  two 
distinct  emission  band  regions,  which  have  been  assigned  as  the  A-X  and  B-X  band 
systems  of  Ag20.  The  A-X  transition  that  onsets  at  ~  630  nm  is  well  fit  by  the 
expression: 

v(cm"')  =  15670  -  165  V2''  +  0.4  (V2'')^  (13) 

The  B-X  transition  that  originates  at  506  nm  is  well  fit  by  the  expression: 
v(v,",  V2",  Vs")  -  19766  -  442v,"  -  165v2"  -  256v3" 

+  6(v,")2  +  6v,''v3"  +  25v,"v2''  (14) 

Three  vibrational  frequencies  (442  cm"*,  165  cm"',  and  256  cm"*)  established 
for  the  molecular  emitter  suggest  that  it  contains  a  Ag-Ag  bond.  The  440  cm"* 
frequency  is  readily  assigned  to  the  Ag-0  stretch.  Because  the  geometry  of  the 
molecular  emitter  has  not  been  established  experimentally,  there  is  uncertainty  in 
the  assignment  of  the  two  low  frequency  modes.  Either  the  165  cm"*  or  the  256 
cm"*  frequency  might  reasonably  be  assigned  as  a  silver-silver  stretch.  The  spectral 
features  that  onset  at  -  630  nm  display  only  a  single  vibrational  frequency 
separation  whereas  the  shorter  wavelength  band  system  displays  all  three  frequen¬ 
cies.  This  behavior  would  suggest  that  both  a  substantial  bond  angle  and  bond 
length  change  accompany  the  transition  associated  with  the  higher  energy  band 
system.  Jn  contrast,  the  lone  -  165  cm"*  separation  associated  with  the  630  nm 
system  is  indicative  of  a  change  in  bond  angle  or  bond  lengtfi  but  not  both,  the  later 
being  unlikely  because  it  should  signal  the  observation  of  two  stretch  frequencies. 
For  this  reason  the  1 65  cm"*  frequency  is  assigned  to  the  bending  mode  of  the  Ag20 
molecule. 

The  assignment  of  the  A-X  and  B-X  band  systems  is  consistent  with  the  emission 
characteristics  of  a  number  of  similar  polyatomic  systems.^^  The  frequency  expres¬ 
sion  for  the  B-X  system  displays  large  anharmonicity  terms  (25vrv2'').  This  is 
consistent  with  the  rather  floppy  nature  of  metal  clusters^*  and  their  compounds. 
The  observed  frequencies  are  consistent  with  a  nonlinear  Ag-Ag-0  structure,  with 
emission  from  the  asymmetric  cluster  oxides  characterizing  these  kinetically  con¬ 
trolled  oxidation  experiments  in  contrast  to  the  thermodynamically  more  stable 
symmetric  species. 
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Fimre  5.  Ae^O  laser-induced  fluorescence  excitation  spectrum  generated  with  an 
arfon  ion  pum^d  Rhodamine  6C  dye  laser  of  llnewidth  -  0.5cm'  FWHM.  The 
emission  is  detected  with  an  RCA  4840  red  sensitive  phototube.  Transitions  m  the 
region  of  the  tentatively  identified  Ag20  A-X  and  B-X  band  systems  AX  =  562^12 
nm  have  been  laser  induced.  The  dark  Agx  +  N2O  reaction  forms  the  ground-state 
meial  cluster  oxide.  The  LIE  spectra  consist  of  a  Av  -  40  cm"  sequence  structure 
superimposed  on  short  progressions  that  display  the  440  and  165-cm  frequency 
separations  characteristic  of  the  spectra  considered  in  Figure  3. 


In  some  preliminaiy  experiments  the  mass  spectrometric  sampling  system  indi¬ 
cated  in  Figure  1  has  also  been  employed  to  aid  spectral  assignment  At  even  higher 
silver  fluxes  or  under  conditions  in  which  the  entraining  helium  and  argon  are 
cooled  so  as  to  approach  dry  ice  (196  K)  or  liquid  nitrogen  (77  K)  temperature 
further  spectral  features  emerge  at  X  >  680  nm  (Figure  4).  We  have  now  tentatively 
observed  at  least  two  further  systems  thought  to  be  associated  with  the  higher  silver 
clustered  oxides  AgxO  (x  »  2),  which  are  the  subject  of  further  study  in  our 

laboratory.^^  , 

Attempts  are  being  made  to  employ  laser-induced  fluorescence  to  excite  and 

characterize  those  transitions  associated  with  the  silver  cluster  oxides.  An  argon 
ion  laser-pumped  Rhodamine  6G  dye  laser  has  been  used  to  induce  transitions  in 
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the  region  of  the  Ag20  A-X  and  B-X  band  systems,  X  =  562-612  nm,  generating 
the  LIF  spectrum  depicted  in  Figure  5,  The  dark  Ag*+  N2O  oxidation  reaction  is 
employed  to  form  the  ground-state  metal  cluster  oxide  in  an  environment  where 
neither  reactant  is  excited  by  the  scanning  dye  laser.  We  have  successfully  excited 
an  LIF  spectrum  consisting  of  a  Vv  •40  cm"'  sequence  structure  superimposed  on 
short  progressions  displaying  the  440  and  165  cm"'  frequency  separations  charac¬ 
teristic  of  the  chemiluminescent  emission  associated  with  the  A-X  and  B-X  band 
systems  described  previously.  Further  studies  will  require  improvement  in  the  LIF 
experiments  in  order  to  scan  the  Ag20  (or  higher  Ag»0  clusters)  spectrum  at 
sufficiently  high  resolution  to  facilitate  the  spectral  analysis  which  will  allow  the 
evaluation  of  the  Ag-Ag-0  ground  state  geometry.  Furthermore,  it  will  be  necessary 
to  improve  our  mass  spectrometric  sampling  of  the  system. 

F.  Copper  Cluster  Oxidation 

The  copper  cluster  oxides  formed  in  oxidation  reactions  also  represent  important 
chemical  entities.  Of  keenest  recent  interest  may  be  their  relevance  to  the  assess¬ 
ment  of  the  role  the  copper  oxide  lattice  plays  in  high  Tc  superconductors  where 
one  is  concerned  with  ^e  movement  of  the  copper  and  oxygen  atoms  as  dictated 
by  the  CujtO  potential. 

Under  a  variety  of  experimental  conditions,  the  first  emission  spectra  for  both 
the  asymmetric  copper  clustered  oxides  (apparatus  of  Figure  1 )  and  the  symmetric 
CuOCu  molecule  have  now  been  successfully  generated.'’  A  selection  of  the  data 
obtained  for  these  copper  oxides  is  indicated  in  Figures  6, 7,  and  8  where  emission 
spectra  for  both  symmetric  and  asymmetric  CU2O  as  well  as  the  higher  order  Cu;tO 
(x  >  2)  complexes  are  displayed. 

Significant  differences  between  the  electronic  spectra  and  energy  levels  for  the 
CuCuO  and  CuOCu  molecules  are  evidenced  not  only  by  the  distinctly  different 
location  of  emission  features  but  also  by  the  appearance  and  extent  of  these  features. 
The  spectral  features  for  the  CuCuO  molecule  at  ~  600  nm  appear  to  result  from  a 
short  progression  in  a  132  cm"'  bending  mode  whereas  die  observed  structured 
emission  spectra  tentatively  associated  witii  the  CuOCu  'B2  - '  Ai  transition  appear 
to  be  dominated  by  moderate  progressions  in  the  ground  and  excited  state 
symmetric  stretching  modes.  TTie  spectral  features  recorded  fw  CuOCu  bear  a 
strong  correlation  with  recent  quantum  chemical  calculations  by  Bauschlicher, 
Langhoff,  and  Siegbahn^®  (Table  3).  These  authors  have  estimated  bond  lengths, 
bond  angles,  transition  moments,  and  electronic  state  locations  for  the  ground  and 
several  excited  electronic  states  of  the  CuOCu  molecule.  These  calculations  are 
currendy  undergoing  further  refinement  especially  in  correlation  with  the  data 
derived  from  the  emission  spectra  depict^  in  Figures  7  and  8.  The  relative 
intensities  of  the  CuOCu  'Ai  and  'B2  transitions  depicted  in  Figure  7  are  in  veiy 
good  agreement  with  the  calculated  relative  transition  moments.  Furthermore 
the  change  in  bond  angle  and  bond  length  predicted  for  the '  Ai  -  'Ai  transition 
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Figure  6.  Chemiluminescent  spectrum  resulting  from  the  multiple  collision  (Plot 
~  600  mTorr)  oxidation  of  small  copper  molecules  and  clusters.  Clusters  are  fomiM 
in  a  moderate  copper  agglomeration  mode  (Knudsen  number  <  1)  and  oxidized  with 
ozone.  The  emission  spectrum,  taken  with  an  EMI  9808  phototube  at  a  resolution  o 
8  A,  is  dominated  by  CuO  and  Cu*0  (x  k  2)  emission  features  where  the  polyatomic 
emitters  correspond  to  the  copper  clustered  oxides.  (See  also  ref.  5a.) 


Table  3.  Calculated  Properties  of  Ground  and 
Excited  States  of  Symmetrical  Cu20 


State 

Tt  (oBpmx.) 
fern"  ) 

r(Cu-O) 

(Angstmms) 

Bond  Angle 
(Degrees) 

‘Ai  (Ground) 

0 

1.793 

105.7 

'Bi  (0.3)" 

14221 

1.964 

81.4 

'a,  (1.6)" 

17181 

1.921 

180.0 

'B2(1.0)" 

20336 

1.956 

77.3 

'A:  (0.1)" 

22133 

1.942 

123.3 

*TVamition  moment  in  atomic  units. 
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Figure  7.  Chemiluminescent  spectrum  taken  under  multiple  collision  conditions  in 
a  non-effusive  agglomeration  mode  dominated  by  emission  from  the  symmetric 
CuOCu  molecule  but  also  showing  emission  corresponding  to  CuO  and  to  the 
asymmetric  CuCuO  molecule.  The  spectrum  was  taken  with  an  EMI  9808  phototube 
at  a  resolution  of  5  A, 


(A0  -  a  substantial  75®)  is  commensurate  with  a  long  virtually  unresolved  progres¬ 
sion  dominated  by  the  CuOCu  bending  mode  much  like  that  characterizing  a  similar 
transition  in  the  water  molecule  at  the  iiinges  of  the  vacuum  ultraviolet  region.^^ 
For  the  'B2  -  'Ai  transition,  the  experimental  data  indicate  aground-state  symmetric 
stretch  frequency  of  -  640  cm'*  (vi"  =  640  ±  10  cm’*)  and  an  excited  state 
symmetric  stretch  normal  mode  frequency  of 409  ±  10  cm"'. 

The  spectroscopy  of  the  copper  cluster  oxides  is  now  the  focus  of  considerable 
further  study.  This  effort  includes  laser-induced  fluorescence  at  moderate  and 
higher  resolution  to  facilitate  the  evaluation  of  further  vibrational  mode  structure 
and  the  determination  of  both  the  CuCuO  and  CuOCu  ground-state  geometries. 

Using  the  constraints  oh  the  minimum  reaction  exothermicity  necessary  to 
facilitate  a  chemiluminescent  reactive  process  and  the  limited  mass  spectrometric 
data  obtained  with  the  configuration  depicted  in  figure  1,  one  can  suggest  the 
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Figures.  Closeup  of  chemiluminescent  emission  corresponding  to  the  82;  Ai  band 

system  of  CuOCu  taken  with  an  EMI  9808  phototube  at  a  resolution  ot  5  a.  See  also 
Figure  7  and  text  for  discussion. 


following  most  likely  mechanisms  for  formation  of  the  copper  oxide  emitters  that 
give  rise  to  the  spectra  depicted  in  Figures  6,  7,  and  8.  In  the  moderate  to  high 
agglomeration  mode  associated  with  the  apparatus  d^icted  in  Figure  1,  the 
CuCuO*  isomer  whose  emission  is  located  near  600  nm  is  most  likely  formed  via 
the  reaction: 

Gu3  +  O3  -►  CU2O*  +  CuOi  (15) 

whereas  lower-lying  states  may  be  formed  through  reaction  of  the  dimer: 

CU2  +  03-^CU20*  +  02  (16) 

Here,  the  asterisks  indicate  electronic  excitation.  The  higher-lying  states  of  Cu(X:u 
may  be  formed  via  the  reactions  of  vibrationally  excited  or  possibly  electronically 

excited  CuO: 

CuO^,  CuO*  +  Cu3  -♦  Cu(X^*  +  Cu2  ('B2,(* A2)  Table  1)  (17) 
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where  the  dagger  indicates  vibrational  excitation.  In  the  moderate  agglomeration 
mode  the  CuCX^u  states  may  be  formed  through  the  process: 

CuO^  CuO*  +Cu2^  CuOCu*  +  Cu  (18) 

The  experimental  evidence  that  supports  these  tentative  mechanisms  will  await 
further  confirmation. 

Studies  of  the  copper  cluster  oxides  are  now  providing  the  impetus  for  the 
quantum  chemical  generation  of  potential  functions  for  the  ground  and  excited 
states  of  the  isomers  of  these  molecules.  Potential  functions  now  generated  for 
CuOCu  and  CuCuO  indicate  that  although  these  molecules  are  quite  bent,  they  are 
also  characterized  by  very  flat  potentials  in  the  bending  mode.  It  appears  that  there 
is  a  high  probability  for  interconversion  of  tfiese  two  isomers.  The  generated 
potential  functions  are  gauged  by  their  fit  of  experimental  vibrational  frequencies 
generated  in  our  initial  experimental  studies.  This  effort  may  well  be  relevant  to  the 
assessment  of  the  role  that  the  copper  oxide  lattice  plays  in  high  Tc  superconduc¬ 
tors.^^  Here  the  movement  of  the  copper  and  oxygen  atoms  as  dictated  by  the  Cu^O 
potential  function,  especially  the  vibrational  modes  associated  with  the  out-of- 
plane  bending  of  these  species,  may  play  a  role  in  the  high  Tc  mechanism. 


G.  Boron  Cluster  Oxidation 


Boron  combustion  can  provide  more  than  twice  the  volumetric  energy  density 
of  conventional  hydrocarbons.  Although  the  emphasis  in  boron  combustion  and 
fuel  research  has  been  largely  on  boron  particle  ignition,^^  it  is  also  recognized  that 
as  much  as  half  of  the  potential  energy  content  of  Ixx'on  fuels  can  be  released  in 
gas-phase  oxidation  processes,  which  might  be  exemplified  by  the  conversion  of 
BO(g)  to  B203(g).^^  With  a  focus  on  homogeneous  combustion  chemistry,  elegant 
studies  have  been  in  progress  to  assess  the  specific  details  of  the  gas-phase 
oxidation  of  BO(g)  to  B203(g).  Here,  die  key  BO  oxidation  step  in  dry  atmospheres 
is  thought  to  be  the  rate  limiting  oxidation  BO(g)  +  02(g)  -*  B02(g)  +  0(g), 
followed  by  the  subsequent  reaction  of  BO2  with  additional  BO  molecules,  the 
two-step  process  producing  B203(g).  If  BO(g)  is  a  major  constituent  in  dry 
atmospheres,  it  is  likely  that  this  molecule  strongly  influences  the  homogeneous 
combustion  chemistry  associated  with  the  boron  oxidation.^^  However,  it  is  not 
certain  that  gaseous  BO  is  the  prime  gas-phase  constituent  liberated  in  the  ignition 
of  boron  particulates,  and  several  important  gas-phase  compounds  released  as 
boron  combusts  might  be  neither  gas-phase  BO(g)  nor  solid  boron  but  rather 
intermediate  species.  It  has  been  suggested  that  one  of  these  species  might  be  B2O. 
If  so,  it  is  feasible  that  the  process  B20(g)  +  02(g)  can  compete  with  the  two-step 
mechanism  indicated  earlier  for  B203(g)  formation.  It  is  up  to  the  modern  kineticist 
to  assess  this  possibility;  however,  he  can  only  be  in  a  position  to  make  this 
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Table  4.  Comparison  of  Observed  and 
Calculated  Vibrational  Frequencies  for  the 
_ Isomers  of  B2Q 


Observed  Frequencies 

B-O-B 

(Calc) 

B-B-0 

(Calc) 

1970  (?) 

1510“/1430* 

1935"/1856* 

— 

77/— 

282/— 

-582 

1005/926 

581/579 

^Scaled  values  from  Gina.  H.;  Jones,  Li;  SMlIady,  D.,  privaie 


communication. 

‘Scaled  values  from  Zyubina,  T.  S,;  Charidn.  O.  R;  Zyubin,  A.  S.: 
Zakzhevokii,  A.  S.  Zh.  Neorg.  Khim  IMZ  27.  558. 


sssessment  with  information  on  the  manifold  of  electronic  states  characterizing  the 
boron  oxide  molecules  of  multiple  boron  atom  constituency. 

When  a  moderate  flux  of  boron  vapor  entrained  in  argon  is  cooled  to  dry  ice 
temperatures  and  reacted  with  NO2,  the  new  boron  based  electronic  transition 
depicted  in  Figure  9  is  observed.^*^  A  comparison  of  the  vibrational  frequencies 
ootamed  from  the  analysis  of  this  spectrum  to  the  vibrational  frequencies  calculated 
for  B2O  and  B2O2  using  SCF-CI  calculations  (Table  demonstrates  that  this 
moiecuie  is  BBO,  and  not  the  thermodynamically  more  stable  BOB  isomer.  This 
result  is  significant  for  two  reasons.  First,  the  products  of  the  reaction  (at  least  B2O) 
are  kinetically  controlled.  Through  their  study,  one  begins  to  probe  the  dynamics 
of  boron  agglomerate  reactions.  Second,  the  product  contains  a  metalloid-metalloid 
bond.  This  result,  in  concert  with  the  data  already  considered  for  the  copper  and 
silver  systems,  suggests  that  metal  cluster  reactions  may  provide  a  way  to  study  the 
thermodynamically  less  stable,  but  kinetically  important,  isomers,  which  are  not 
easily  produced  using  currently  established  laboratory  techniques.  The  results 
obtained  in  the  boron  system  are  especially  significant  fw  they  demonstrate  that 
the  molecular  electronic  structure  of  the  asymmetric  and  symmetric  boron  cluster 
oxides  (BBO  vs.  BOB)  and  their  manifold  of  electronic  states  are  quite  different 
for  even  these  “simplest”  of  cluster  oxide  isomers.  This  behavicM-  is  not  readily 
discerned  from  simple  molecular  structure  concepts. 

H.  Transition  Metal  Cluster  Oxidation 

Our  studies  of  the  copper  and  silver  cluster  oxides  as  they  pertain  to  the  modeling 
of  bulk  systems  can  be  extended  to  additional  transition  metal  species.  When 
proceeding  with  this  extension,  one  should  be  cognizant  that,  with  the  exception  of 
the  coinage  metals  where  reliable  pseudopotential  models  are  available,  a  focus  in 
these  efforts  should  be  on  the  first  row  transition  elements  where  theory  is  most 


182 


JAMES  L.  COLE 

MnO 


likelv  to  succeed.  Thus,  the  initial  parallel  extensions  of  efforts  on  the  coinage  meol 
dusttted  oxides  have  focused  on  the  MnrO^  molecule  and  very  lecendy  on  the 

*T^”x;:^i^"^'“usS  hy  O,  also  pr«luces  a  mo..,ar  e^e^ 

thatcontainsan«al-metalbotKl(Figu«10).Avibratior.^andysisof^^^^ 

clearly  shows  ground-state  vibrational  frequenaes  of  534  cm  and 
306  cm"*  frequency  is  consistent  with  a  frequency  estimated  fo  J  ' . .  .  ; 

534  cm"*  frequency  is  similar  to  the  metal-oxygen  stretch  “sociat^with^e  aM 
metal  oxides,^  the  molecular  emitter  is  assigned  as  Mn20  bonded  af 
Although  the  geometry  of  this  molecule  has  not  been  firmly  established,  the 

presence  of  the  Mn-Mn  bond  seems  certain. 

I.  Trends  and  Future  Extensions 


The  characteristics  associated  with  the  metal  cluster  oxidation  reactions  summa¬ 
rized  in  this  outline  lead  us  to  four  general  observations:  . 

1  The  oxidations  of  metal  clusters,  which  can  proceed  by  multicente^  iwts, 
Jbemore  eLgetic  than  the  corresponding  reactions  of  metal  aton«.  ms  trend 
holds  well  for  reitions  of  atoms,  dimers,  and  trimers,  but  it  is  expected  to  level  off 
as  ouc  considers  dr.  regions  of  larger  cterers  An 

work  to  larger  clusters  wai  be  needed  before  more  specific  rules  can  be  formulated. 
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2.  The  energy  of  a  cluster  reaction  may  often  be  channeled  into  only  one  of  the 
re^tion  products.  The  emission  from  electronically  excited  molecules  produced  in 
this  manner  can  be  used  to  obtain  previously  inaccessible  optical  signatures  for  the 
excited  and  ground  states  of  these  molecules.  Thus  these  studies  serve  to  better 
define  the  molecular  electronic  structure  of  the  product  molecules, 

3.  The  products  of  the  oxidation  of  larger  clusters  contain  cluster  agglomerate 
bonds.  As  the  cluster  reacts,  it  usually  fragments.  However,  as  the  reacting  clusters 
become  larger,  their  reaction  should  facilitate  the  formation  of  a  greater  metal 
agglomeration  in  the  oxidized  metal  products.  The  studies  thus  far  have  not 
established  if  there  is  a  direct  relationship  between  the  relative  size  of  the  clusters 
that  undergo  reaction  and  the  constituency  of  the  oxidized  cluster  products;  they 
require  extension  to  larger  clusters  to  determine  whether  the  observed  trends  will 
continue.  However,  the  initial  observations  suggest  that  larger  cluster  oxide  species 
can  be  made  and  explored  using  combined  chemiluminescent  and  LIF  techniques. 
In  most  cases  the  products  of  these  cluster  oxidations  contain  metal-metal  bonds. 
Thus,  there  exists  a  distinct  possibility  that  the  internal  mode  structure  associated 
with  the  reactions  of  cluster  molecules  and  their  products  may  aid  in  the  modeling 
of  metallic  surface  behavior. 

It  may  be  possible  to  generate  species,  the  fingerprints  of  which  are  relevant  to 
the  detailed  microscopic  description  of  those  properties  that  can  contribute  to  the 
catalytic  behavior  of  an  oxidized  metal  surface  or,  in  a  future  study  of  silicon  cluster 
halogenation.  to  the  nature  and  qualitv  of  a  surface  etch  [Si„  +  X(X=Cl,Cl2.F,F2)]. 
As  an  ultimate  goal,  we  wish  to  develop  a  detailed  description  of  the  intimate 
environment  associated  with  the  metal  cluster-oxygen  or  metal  cluster-halogen 
interaction,  (1)  determining  how  small  clusters  of  metal  atoms  interact  with  the 
oxygen  or  halogen  atom  and  (2)  considering  the  dynamic  behavior  that  these 
clustered  atoms  may  exhibit  as  they  move  about  the  oxygen  or  halogen  atom.  Using 
a  combination  of  chemiluminescent  and  laser  fluorescent  probes  of  the  asymmetric 
metal  clustered  oxides,  it  should  be  possible  to  establish  structures  and  determine, 
through  bond  angle  and  vibrational  frequency  determinations,  the  manner  in  which 
these  small  metal  clusters  interact  with  an  oxygen  atom  when  they  are  formed  in  a 
unique  kinetically  controlled  environment  It  is  precisely  this  infoimation  that  can 
provide  the  productive  tension  between  experiment  and  theory  required  for  the 
development  of  systematically  constructed  and  meaningful  model  systems  describ¬ 
ing  the  nature  of  ligand-metal  surface  into-actions. 

4.  Reaction  kinetics  is  a  primary  determinant  of  the  products  that  are  formed  in 
these  systems.  The  characterization  of  the  products  contributes  information  useful 
to  the  exploration  of  the  mechanisms  of  cluster  oxidation.  Together  witfi  recent 
elegant  mass  spectrometric  kinetic  investigations  of  cluster  reactions*^  and  recent 
advances  in  theory,  this  information  provides  a  useful  format  for  the  understanding 
of  reaction  pathways  and  the  enogetics  of  cluster  reactions. 

'Die  characterization  of  the  metal  cluster  oxides  and  halides  complements  the 
study  of  positively  or  negatively  charged  clusters  now  underway  in  several  labcra- 
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tories.^’  Evidence  has  been  obtained  for  metal  cluster  grouped  oxide  configurations 
in  which  the  metal  cluster  grouping  is  positively  polarized  or  the  cluster  is  strongly 
ionic  with  the  equivalent  of  at  least  a  complete  positive  charge  distributed  among 
the  clustered  metal  atoms.  Models  of  metal/support  interactions  in  catalytic  envi¬ 
ronments  have  long  considered  the  importance  of  the  net  transfer  of  charge  between 
the  metal  and  its  porous  support  material.  This  charge  shift  is  thought  to  influence 
catalytic  behavior  by  inducing  a  change  in  the  electron  richness  of  the  metal.  The 
combination  of  ion  and  cluster  oxide  studies  may  therefore  cast  some  light  on  the 
validity  and  specifics  of  these  models. 


III.  CONTINUOUS  VISIBLE  CHEMICAL  lASER  ^PLIFIER 
FROM  A  METAL  CLUSTER  OXIDATION  REACTION 


Previously,  we  have  used  the  supersonic  expansion  of  pure  or  potassium 

vE^or  to  study  the  photodissociation  of  the  alkali  trimers  Nas  and  K3.  These 
studies  were  facilitated  because  the  alkali  metals  are  particularly  amenable  to  the 
Explication  of  LIF  techniques,  with  transition  probabilities  among  alkali  metal  atom 
or  dimer  electronic  states  being  among  the  largest  recorded.  Therefore,  with  a 
desire  to  initiate  efforts  focused  on  the  study  of  metal  cluster  oxidation,  it  seented 
Expropriate  to  study  what  were  felt  to  be  the  simplest  metal  cluster  oxidation 
reactions  also  producing  reaction  products  with  well  defined  and  characterized 
electronic  transitions.  In  retrospect,  the  study  of  alkali  dimer  and  trimer-halogen 
atom  reactive  encounters  has  demonstrated  several  surprises. 

The  high  cross  section,  highly  exothermic  Nas-X  (Q3r4)  reactions  form  Nai* 
in  several  of  the  sodium  dimer  excited  electronic  states^^  indicated  schematically 
in  Figure  1 1 .  The  energetics  of  the  reactive  processes  of  interest  are  indicated  in  Ae 
figure  The  Nas-Cl  and  Nas-Br  reactions  are  sufficiently  exothermic  to  readily 
populate  the  A  'IJ,  B  ‘n„,  C'  (2  -  X  ‘XJ)  and  C  ‘Hu  states  of  sodium  dimer. 

The  available  energy  results  from  the  fOTtnation  of  a  moderately  strong  st^ium 
halide  bond  and  the  rupture  of  a  weak  sodium  trimer  bond.  The  Nas-I  reaction  is 
much  less  exothermic;  however,  the  contribution  of  the  Nas  kinetic  enerp  in 
concert  with  the  reaction  of  halogen  atoms,  generated  from  a  1500  K  source,  in  the 
high  energy  tail  of  their  kinetic  energy  distribution  allows  die  population  of  a  few 
vibrational  levels  in  the  Na:  C  ‘Hu  state  and  several  levels  of  the  double  minimum 
C'  state.  The  optical  signatures  for  the  processes: 

Na3  +  CI3r,I  Nai*  +  NaX  (X  *  Cl,Br,I)  (19) 

encompass  emission  from  a  limited  number  of  Nai  band  systems  including  the  A, 
B,  C,  and  C'  states.  Surprisingly,  the  observed  eimssion  is  characterized  by  sharp 
well-defined  emission  regions^^  (Figures  12  and  13)  superimposed  on  a  much 
weaker  but  perceptible  Neh*  dominated  background.  As  Figure  13  demonstrates, 
through  comparison  with  the  best  fit  calculated  sodium  dimer  B-X  spectram,  these 
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Figure  11.  Energetics  associated  with  the  formation  of  Naa  produced  by  the  Naa  -  X 
(Cl,  Br,  I)  chemiluminescent  reaction.  Potential  curves  are  drawn  approximately. 

sharp  emission  features  are  not  readily  explained  by  invoking  a  purely  fluorescent 
process  involving  sodium  dimer. 

The  sharp  nature  of  several  of  the  B-X,  C-X,  and  C'-X  Na2  emission  features 
(Figure  12),  their  near  exponential  growth  with  Nas  concentration  relative  to  the 
background  Na2  fluorescence,  and  their  correlation  in  certain  regions  to  the  emis¬ 
sion  characteristic  of  optically  pumped  Na2  laser  systems^  [ex:  528.2  nm  (v',  v") 
=  (6, 14)B-X]  suggested  that  stimulated  emission  associated  with  certain  of  the  Na2 
emission  products  might  have  been  observed.  Laser  gain  measurements  have  been 
carried  out  to  assess  this  possibility. 


Figure  12.  Chemiluminescent  emission  from  the  Nas  +  Br  and  Naa  + 1  reactions  forming  excited  states  of  Na2,  whose  optical  signature 
daninates  the  observed  emission,  and  the  sodium  halide.  Sharp  emission  features  superimposed  on  a  broad  background  are  apparent 
including  those  at  -  527,  ~  492,  ~  460.5,  ~  436,  and  ~  426  nm.  Spectral  resolution  is  ~  0.6  nm.  See  text  for  discussion. 
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Figure  13.  Comparison  of  (a)  observed  and  (b)  calculated  emission  spectra  for  the 
Na2  B-X  emission  system.  The  experimental  spectrum  corresponds  to  the  chemilumi¬ 
nescence  from  the  Na3*Br  reaction.  The  calculated  spectrum,  which  was  obtained  for 
a  rotational  temperature,  Troi  ~  1 000  K,  represents  an  estimate  of  effective  rotational 
temperatures  for  Na2  product  formation  under  near  single  collision  conditions  and 
therefore  not  at  equilibrium.  Relative  vibrational  populations  input  for  Na2  B-X,  v'  = 
0-6  were  in  the  ratio  1.00:1.17:1.33:1.50:1.58:1.67:1.54.  The  locations  of  contribu¬ 
tions  from  vibrational  levels  v'  =  6  ( — ),  5( - ),  and  4( - )  of  the  Na2  B  state  in 

transition  to  vibrational  levels  v"  =  1 4-9,  v'  =  1 3-8,  and  v"  =  1 2-7  of  the  Na2  ground 
state  are  indicated. 
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To  carry  out  these  studies,  a  unique  source  configuration  (Figure  14a)  has  been 
developed  that  allows  the  supersonic  expansion  of  pure  sodium  vapor  to  create  a 
Na3  concentration  not  previously  attained  in  a  reaction-amplification  zone.  In  these 
studies,  100+  grams  of  pure  sodium  was  expanded  from  a  double  oven  source 
mounted  in  the  oven  chamber  depicted  in  Figure  14a.  The  supersonic  flow  passes 
through  an  adjustable  orifice  in  an  LN:  cooled  baffle  and  bulkhead  and  into  the 
reaction  chamber  depicted  in  the  figure.  Here  the  supersonically  expanding  Na* 
beam  is  met  by  an  intersecting  flow  of  halogen  atoms.  In  order  to  operate  above 
threshold,  the  expenditure  of  sodium  is  carried  out  on  a  very  short  time  frame 
(~  1200  vs.  3600-10,000  seconds  for  a  typical  chemiluminescent  experiment — 
Figure  12)  to  produce  well  in  excess  of  lO'Vcc  trimer  molecules  in  the  reaction 
zone.^®  The  concentration  produced  is  between  10  and  500  times  the  maximum 
concentration  for  the  fluorescence  experiments  ([Nas]  ~  3  x  lO’^/cc)  depicted  in 
Figures  12  and  13.  These  estimates  are  based  on  (1)  an  increased  flux  from  the 
oven,  (2)  an  increased  beam  directionality,  and  (3)  an  increased  percentage  of  trimer 
in  the  beam.'*^  In  all  of  the  experiments  halogen  atoms  were  produced  by  transiting 
halogen  molecules  through  a  needle  valve  assembly  (halogen  gun  in  Figure  14) 
into  a  high  temperature  carbon  furnace.^*  The  atoms,  produced  with  >95%  effi¬ 
ciency,  exit  the  furnace  through  several  0.015-0.020-mm  orifices  into  the  reaction 
zone,  initiating  the  trimer-halogen  atom  chemical  reaction.  The  halogen  flow  is 
adjusted  to  optimize  gain. 

Using  argon  ion  pumped  dye  lasers  to  study  the  Naa  +  Br  reaction  (Figure  14b) 
the  entire  wavelength  region  from  420  to  600  nm  (Figure  12)  has  been  scanned  at 
0.5  cm"’  resolution  (FWHM).'  The  regions  around  527  nm  (Figure  13)  have  been 
scanned  at  0.007  cm"’  resolution  using  a  ring  dye  laser.**^  Laser  gain,  and  hence 
amplification,  is  only  found  in  certain  select  wavelength  regions.  Several  of  the 
sharper  and  more  pronounced  emission  features  apparent  in  the  spectra  depicted  in 
Figure  12  correspond  to  a  stimulated  emission  process  and  to  the  establishment  of 
a  population  inversion.  Ring  dye  laser  studies  demonstrate  that  the  strong  feature 
at  527  nm  (Figure  13)  corresponds  to  stimulated  emission  from  between  four  and 
seven  unresolved  rotational  levels.  Further  studies  will  allow  the  assignment  of  the 
monitored  gain  to  specific  P,  Q,  and  R  branch  transitions  involving  rotational  levels 
J'  =  35  ±  5  in  the  B’  riu  state. 

A  schematic  of  the  laser  gain  configuration  is  shown  in  Figure  14b.  Here  a  dye 
laser  beam  was  split  into  two  branches,  one  branch  being  directed  to  a  reference 
photodiode  (B)  and  the  other  delivered  and  passing  through  the  alkali-halogen  atom 
reaction  zone.  The  laser  beam  enters  the  Nas  -  Br  reaction  (vacuum)  chamber 
oriented  so  as  to  be  perpendicular  to  both  the  flow  of  halogen  atoms  and  the 
supersonic  sodium  vapor  beam.  The  focused  intensity  of  the  broadband  source  was 
-  0.05  W/cm^.  After  passing  through  the  reaction  zone,  the  beam  exits  the  reaction 
chamber  and  is  collected  and  focused  onto  a  second  photodiode  (A).  A  lock-in 
amplifier  (EG&G/PAR  model  1 24A)  operated  in  the  A-B  mode  provides  the  ability 
to  detect  changes  in  laser  beam  intensity  occurring  only  in  branch  A  as  the  laser 
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beam  passes  through  the  alkali-halogen  reaction  zone.  The  output  from  the  lock-in 
is  fed  to  a  DSP  Technology  2001  digital  transient  recorder  equipped  with  a  model 
4 1 00  signal  averaging  module.  The  averaged  output  from  the  recorder  can  be  passed 
to  an  IBM  PC-XT  where  the  data  are  monitored  and  stored,  "niese  averaged  outputs 
are  used  in  determining  percentage  laser  gain.  An  increase  in  A-B  detector 
corresponding  to  the  introduction  of  the  halogen  atoms  into  the  system,  followed 
by  an  associated  loss  of  output  when  the  halogen  flow  is  terminated,  can  be 
attributed  to  amplification  and  a  gain  condition.  Within  the  individual  dye  laser 
regions  considered,  a  scan  of  the  dye  laser  as  a  function  of  wavelength  prwiuces 
no  increase  in  output  laser  power  in  the  absence  of  halogen  atoms  and  sufficient 

sodium  trimer  molecules.  j 

Optical  gain  through  stimulated  emission  has  been  measured  at  0.5  cm  resolu¬ 
tion  in  the  regions  527  nm  (1%  gain).  492  nm  (0.3%  gain)  and  460.5  nm  (0.8% 
gain),  correlating  precisely  with  the  reactive  process  and  the  relative  intensities  of 
those  features  observed  while  monitoring  the  light  emitted  from  the  Naa-Br  and 
Na3-I  reactions  (Figures  12  and  13).  High  resolution  ring  dye  laser  scans  in  the 
527-nm  region  indicate  that  the  gain  for  the  system  is  close  to  3 .8%  for  an  individual 
rovibronic  transition  with  approximately  four  to  seven  transitions  showing  gain.  At 
459.8  nm,  a  gain  of  2.3%  has  been  measured  for  an  individual  rotational  level. 
These  results  demonstrate  the  continuous  amplifying  medium  for  a  visible  chemical 
laser  in  at  least  three  wavelength  regions.^^  Furthermore,  a  loss  of  the  gain  condition 
is  readily  detected  as  the  trimer  concentration  decreases  due  to  sample  exhaustion 
or  a  source  temperature  decrease.  The  gain  observed  in  these  systems  is  thus 
strongly  dependent  on  both  the  Nas  and  halogen  atom  concentration.  As  the  probe 
laser  power  is  changed,  the  photodiode  signal  (A-B)  is  found  to  vary  linearly  with 
laser  power,  indicating  that  the  measurements  are  taken  in  the  small  signal  gam 
To  further  verify  that  these  gain  observations  were  not  artifacts  that  could  be 
observed  at  any  wavelength  including  those  corresponding  to  an  intense  spectral 
feature,  the  gain  experiment  was  repeated  at  several  wavelengths  including  *e 
sodium  D-line  wavelength  at  588.9  nm.  No  gain  was  observed  at  ^y  o*er 
wavelength  in  the  420-600-nm  region,  and  at  the  Na  D-line  wavelength  the  A-B 
signal  was  seen  to  decrease  significantly,  indicating  considerable  scattering  or 
absorption  of  the  probe  laser  photons.^  It  should  also  be  noted  that  atjhose 
wavelengths  exhibiting  the  largest  gain,  the  output  of  detector  A,  as  measur^  by  a 
digital  voltmeter  with  no  averaging,  readily  inaeased  with  the  introduction  of 

halogen  atoms  into  the  reaction  zone.  .  .  ,  , 

Because  of  the  low  Nas  ionization  potential  and  the  high  halogen  electron 
affinities,'^  the  Nas-halogen  atom  reactions  are  expect^  to  proceed  via  an  elecfron 
jump  mechanism  with  extremely  high  cross  sections.^’  producing  subst^ti^  m 
excited  state  populations.  The  created  population  inversions  monitored  thusfar  are 
thought  to  be  sustained  by  ( 1 )  the  large  number  of  free  halogen  atoms  reacting  with 
the  Na2  molecules  in  those  ground-state  levels  on  which  the  transitions  emanating 
from  the  Na2  excited  states  terminate,  removing  the  population  in  these  levels,  an 
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Figure  15.  Chemiluminescence  from  the  reaction  Nas  +  Br  -*  Na2*  +  NaBr.  The 
spectrum  is  dominated  by  the  Na2  C  ^IIu  -  X  and  2  ’Zu  -  X  ’Zg'^  emission 
features.  See  text  for  discussion. 


(2)  collisional  relaxation  of  ground-state  sodium  molecules.  The  cross  section  for 
reaction  of  vibrationally  excited  ground-state  Na:  is  expected  to  be  substantial 
relative  to  that  corresponding  to  collision-induced  vibrational  deactivation  of  the 
Na2  manifold.  Extremely  efficient  reactions  thus  greatly  aid  the  rapid  depletion  of 
the  lower  state  levels  in  this  system  allowing  one  to  sustain  a  continuous  population 
inversion. 

Our  major  efforts  thusfar  have  focused  on  the  Na2  B-X  spectral  region  and  the 
potential  development  of  a  laser  oscillator  at  wavelengths  in  the  vicinity  of  527  and 
460  nm.  We  are  also  concerned  with  the  extension  of  these  studies  further  into  the 
ultraviolet  primarily  to  assess  potential  amplification  involving  states  of  consider¬ 
ably  longer  radiative  lifetime.  The  Naa  395-,  365-,  and  350-nm  emission  regions 
depicted  in  Figure  15  represent  a  portion  of  the  optical  sipature  for  the  Nas-Br 
reaction.  They  are  of  interest  for  they  correspond  again  to  sharp  emission  features, 
on  a  broad  and  weak  background,  whose  appearance  cannot  be  readily  explained 
in  terms  of  a  purely  fluorescent  process.  They  are  tentatively  associated,  at  least  in 
part,  with  the  very  recently  described  double  minimum  excited  electronic  state^^ 
indicated  in  Figure  1 1  (2  'Zu  -  X  'Zg).  The  radiative  lifetimes  associated  with  this 
double  minimum  state  are  complex  and  longer  (>40  ns)  than  those  associated  with 
the  Na2  B-X  region.  These  longer  lifetimes  enhance  the  potential  for  energy  storage 
in  a  laser  cavity.  This,  in  turn,  suggests  that  the  laser  gain  studies  in  the  visible 
should  be  extended  to  this  spectral  region  to  determine  the  feasibility  of  using  these 
transitions  as  the  source  of  laser  amplifiers  extending  far  into  the  ultraviolet. 
Furthermore,  it  will  be  appropriate  to  extend  these  studies  to  the  other  alkali  metals, 
taking  advantage  of  the  possibility  of  forming  laser  amplifiers  extending  both  to 
considerably  shorter  and  longer  wavelengths. 


192 


JAMES  L.  COLE 


IV.  ELECTRIC  FIELD  ENHANCED  LASER-INDUCED 
PLASMA  SPECTROSCOPY 

Electric  field  enhanced  laser  induced  plasma  spectroscopy  (EFEUPS)  is  being 
developed  as  a  relatively  simple  and  general  approach  to  a  mapping  of  electronic 
states  and  internal  mode  structure  in  small  metal  clusters,  metal  cluster  compounds, 
metal  based  complexes,  and  their  ions. 

We  make  use  of  a  variant  of  the  laser  vapcdzation  source  first  developed  and 
used  to  investigate  the  internal  mode  structure  of  metal  molecules  by  Bondybey,^® 
Smalley^’  and  co-workers  and  now  employed  in  a  number  of  laboratories.  Here, 
we  fcMTn  neutral  clusters  and  positive  and  negative  cluster  ions,  in  concentrations 
that  may  exceed  10^/cc,  through  pulsed  laser  vaporization  from  a  solid  target 
followed  by  LN2  entrainment  or  correlated  witfi  pulsed  supersonic  expansion.  In 
the  present  study,  the  species  of  interest  are  formed  in  supersonic  expansion,  neutral 
and  ionic  emission  features  being  distinguished  with  a  sorting  procedure  based  on 
electric  field  deflection  and  enhancement 

We  have  been  concerned  with  the  application  of  the  EFEUPS  technique  to  study 
the  formation  and  bonding  in  ion-molecule  complexes  probed  through  the  study  of 
laser-induced  plasma  generated  excited  state  emissions  and  with  the  generation  of 
emission  spectra  for  neutral  carbon,  silicon,  copper,  and  aluminum  dimers  and 
trimers.  Laser-induced  silicon  plasmas  have  been  used  to  generate  emission  spectra 
for  silicon  dimer  and,  in  concert  witfi  supersonic  expansion,  to  obtain  cooled 
gas-phase  emission  spectra^®  correlating  not  only  with  absorption  bands  previously 
observed  in  rare  gas  matrices  by  Weltner  and  McLeod**  and  attributed  to  silicon 
trimer  but  also  witfi  recent  negative  ion  photoelectron  spectra  for  the  trimer 
obtained  by  Kitsopoulos  et  al.*^  Transitions  have  been  observed  from  the  upper 
state  of  the  gas-phase  analogue  of  the  Welmer-McLeod  matrix  bands  to  both  the 
Si3  ground  and  low-lying  A  sates  partially  mapped  by  Kitsopoulos  et  al.  We  have 
also  generated**  the  first  electronic  emission  spectra  fw  aluminum  based  ion-mole¬ 
cule  complexes,  APCO  and  A1'^H2,  with  which  are  associated  vibrational  progres¬ 
sions  attributed  to  the  Ar-molecule  stretch  or  cluster  bending  mode.  The  obse^ed 
emissions,  which  involve  singlet  (Al‘*}-singlet  (COJI2)  interactions,  are  ascribed 
to  complexes  formed  in  orbiting  collisions  with  Al*  excited  sates.  The  spectra 
correlate  closely  with  atomic  transitions  among  these  states  extending  throughout 
the  visible  and  ultraviolet  regions.  Some  evidence  also  has  been  obained  for  Al*-N2 
complexation,  and  fw  short-lived  complex  fcMmation  resulting  from  select  excited 
state  Al**  interactions  with  N2. 

A.  Nature  of  the  EFELI  PS  Experiment 

A  schematic  of  the  EFELIPS  experimental  configuration  is  shown  in  Figure  1 6. 
A  superheated  plasma  is  produced  by  focusing  the  fundamenal  ( 1 .06n)  or  second 
harmonic  (0.532p)  output  of  a  Nd:YAG  laser  onto  a  roating-translating  meal  or 
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Figure  16.  a.  Schematic  diagram  (top  view)  of  EFELIPS  experimental  configuration. 
The  overall  configuration  consists  of  (1 )  a  gas  pulse  value,  (2)  the  supersonic  expansion 
nozzle  beam  backing  pressure  gas  source,  (3)  a  target  rod,  (4)  a  Nd-YAG  vaporization 
laser  beam,  (5)  an  expansion  channel,  (6)  an  electron  deflecting  magnet,  (7)  electrodes 
for  electric  deflection  and  electron  impact  excitation,  (8)  a  Jan-ell-Ash  1 /3-meter 
monochromator,  (9)  a  diode  array,  (1 0)  a  multichannel  analyzer,  and  (11 )  a  computer 
or  standard  X-Y  recorder,  b.  Symmetrically  oriented  electric  field  plates;  c,  asymmetric 
electric  field  plate  orientations  to  identify  the  emission  from  positive  ions;  d,  asym¬ 
metric  electric  field  plate  orientations  to  identify  the  emission  from  negative  ions.  See 
text  for  discussion. 


193 


194 


JAMES  L.  COLE 


metalloid  rod.  This  plasma  is  entrained  in  a  high  pressure  150-200-microsecond 
pulse  of  helium  or  argon,  which  may  be  seeded  with  an  entraining,  reacting,  or 
complexing  gas  (40-80  psi  total  backing  pressure),  emanating  from  a  pulsed  nozzle. 
This  flow  is  supersonically  expanded  down  a  “shorf  ’  channel  to  free  flow.  The 
timing  sequence  of  the  experiment  is  adjusted  to  place  the  much  shorter  time 
duration  laser-created  plasma  pulse  at  a  central  position  in  time  relative  to  the 
entraining  pulsed  gas  flow.  During  this  process,  the  emission  from  the  plasma 
region  and  the  initial  reaches  of  the  channel  are  focused  onto  the  entrance  slit  of  a 
monochromator  on  whose  exit  port  is  mounted  an  optical  multichannel  analyzer. 
The  plasma  emission  is  viewed  directly  down  tiie  expansion  channel  at  right  angles 
to  the  v^>orizing  NdiYAG  laser.  The  emission  from  a  number  of  laser  shots 
impinging  on  a  diode  array  is  averaged  with  the  appropriate  background  correc¬ 
tions. 

In  the  configuration  depicted  in  Figure  16,  we  sample  directly  down  the  expan¬ 
sion  channel,  probing  all  processes  that  occur  in  the  plasma  region  and  channel  with 
no  time  or  temperature  discrimination.^”*^^  We  have  also  examined  the  emission  in 
a  direction  perpendicular  to  the  channel  direction  and  immediately  upstream  of  the 
expansion  in  the  free  flow  regime.  The  radiative  lifetime  selectivity  inherent  to  the 
latter  sampling  mode  and  the  spectral  superposition  inherent  to  the  direct  viewing 
configuration  are  considered  in  detail  elsewhere.^®*^^  The  results  now  obtained 
indicate  that  larger  clusters,  which  are  formed  in  the  later  stages  of  channel 
expansion,  absorb  relatively  little  of  the  emitting  radiation  from  diatomic  and  small 
polyatomic  clusters  formed  in  the  initial  stages  of  expansion  or  in  the  plasma. 
However,  die  emitters  contributing  to  tiie  final  averaged  spectrum  can  correspond 
to  atoms  or  molecules  at  more  than  one  “effective”  temperature. 

The  plasma  emission  can  be  electric  field  enhanced  using  two  10-cm  diameter 
circular  electrodes  (mounted  in  a  plane  perpendicular  to  the  input  laser),  following 
the  nozzle  expansion  channel  and  free  flow  region,  and  thus  intermediate  to  the 
channel  and  monochromator.  Adc  potential  voltage  across  the  electrodes,  produc¬ 
ing  a  field  parallel  or  antiparallel  to  the  laser  propagation  direction,  creates  a  means 
of  distinguishing  neutral  and  ionic  species  and  enhancing  the  base  plasma  emission. 

The  considered  enhancement  results  in  some  part  from  a  combination  of  electron 
impact  ionization  or  Penning  ionization  employing  metastable  states  of  helium  or 
argon.  The  cross  sections  for  electron  impact  and  Penning  ionization  at  thermal 
energies  (-10"‘®  cm^)^  vastly  exceed  those  for  heavy  ion  bombardment  («  10"^° 
cmV^  in  our  system.**’^^  It  is  difficult  to  discern  whetiier  electron  impact  or 
Penning  ionization  plays  a  more  important  role  toward  the  creation  of  an  enhanced 
ionic  emission  in  these  systems.^^  The  cross  section  for  electron  impact  ionization  may 
exceed  tiiat  fctf  Penning  ionization;  however,  the  concentration  of  helium  or  argon  in 
these  experiments  is  in  excess  of  10*  times  that  of  the  plasma  generated  constituents. 

Both  metastable  helium  and  argon  emissions  are  observed  presumably  due  to  the 
electron  impact  excitation  of  helium  and  argon  atoms.  If  the  emitting  positive  ions 
are  formed  via  energy  transfer  from  these  metastables,  it  is  likely  that  they  result 
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from  a  dissociative  ionization  process  involving  larger  metal  cluster  groupings.^^’^® 
When  a  3000-gauss  magnet  is  operated  at  the  initial  reaches  of  the  free  flow  region, 
directly  following  the  channel  orifice,  the  resulting  M/  ion  signals  appear  to 
decrease.  This  behavior  is  attributed  to  the  scattering  of  the  plasma  electrons  due 
to  the  magnetic  field  and  their  subsequent  loss  to  the  viewed  electric  field  region. 
Whether  the  decrease  in  ion  signal  results  directly  from  a  decrease  in  effective  exciting 
electrons  or  a  decrease  in  the  production  of  aigon  or  helium  metastables,  which 
subsequently  collisionally  excite  the  ions,  will  be  assessed  in  future  experiments. 

A  combination  of  neutral,  positively,  and  negatively  charged  atoms,  clusters,  and 
electrons  are  produced  in  the  laser-induced  plasma  and  expansion  channel  obeying 
the  requirement  that  the  entire  constituency  is  electro-neutral.  The  neutral  and  ionic 
product  distribution  in  the  emerging  supersonically  expanding  beam  is  spatially 
quite  symmetric.  Thus  if  the  electric  field  plates  are  placed  symmetrically  about  the 
nozzle-channel  orifice  (Figure  16b),  a  field  polarity  switch  has  only  a  small  effect 
on  the  observed  emission  at  a  given  field  strength.  This  is  because  the  ion 
distribution  produced  in  the  expansion  is  deflected  in  an  almost  totally  symmetric 
fashion.  However,  if  the  electric  field  plates  are  positioned  asymmetrically  relative 
to  the  channel  orifice  (Figures  16c,  16d)  the  combination  of  field-induced  effects 
can  be  used  to  distinguish  positive  and  negative  ion  emission  on  the  basis  of  electric 
field  deflection.^’^^ 

B.  Positive  and  Negative  Ion  Selection 

The  identification  of  positive  or  negative  ions  takes  advantage  of  the  spatial 
selectivity  inherent  to  the  combination  of  (1)  the  spectrometer-detector  viewing 
zone,  which  is  symmetric  with  respect  to  the  nozzle  +  expansion  channel  orifice, 
and  (2)  the  placement  of  the  deflecting  electric  field  plates.  The  configurations  are 
indicated  schematically  in  Figures  16c  and  16d  where  the  electric  field  plates  are 
placed  asymmetrically  relative  to  the  nozzle-expansion  channel.  In  selecting  and 
determining  whether  emission  has  been  observed  from  a  positive  or  negative  ion, 
the  emission  is  monitored  as  a  function  of  electric  field  strength.  Consider  the 
behavior  for  positive  ions  indicated  in  Figure  16c  as  determined  for  four  distinct 
field  configurations  resulting  from  the  combination  of  two  polarities  and  two 
asymmetric  plate  configurations.  For  the  plate  configuration  positioned  asymmet¬ 
rically  to  the  right,  positive  ions  are  deflected  into  or  out  of  the  viewing  zone  as  a 
function  of  the  plate  polarities  indicated.  In  configuration  1  the  left  (-)  right  (+) 
polarity  enhances  a  positive  ion  signal  relative  to  the  symmetrically  placed  plate 
configuration  (Figure  16b)  as  positive  ions  are  swept  into  the  viewing  zone.  This 
behavior  is  reversed  if  the  electric  field  plates  are  placed  as  in  configuration  2.  Those 
combinations  that  enhance  the  positive  ion  concentration  in  the  viewing  zone 
impart  mOTe  energy  to  the  positive  ion  as  it  is  accelerated  in  the  electric  field.  The 
arguments  presented  in  relation  to  Figure  1 6c  are  reversed  fOT  negative  ion  enhance¬ 
ment  (Figure  16d).^^ 
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C.  The  Silicon  Trimer  Emission  Spectrum 

The  first  vibrationally  resolved  electronic  emission  spectra  for  the  silicon  and 
germanium  trimer  molecules  have  been  obtained  using  the  LIPS  technique.  In  the 
silicon  system,  transitions  have  been  observed  from  an  upper  state,  the  analogue  of 
that  correlated  with  silicon  trimer  in  matrix  absorption,  to  both  the  ground  (X)  and 
low-lying  A  state  (0.45  eV).  The  observed  emission  from  the  two  band  systems  is 
tentatively  associated  with  a  dominance  of  short  progressions  in  upper  (-  310  ±  20 
cm'‘ )  and  lower  state  (-  370  ±  20  cm"'  for  X  state  and  -  475  ±  20  ctn"'  for  A  state) 
symmetric  stretch  frequencies  or  symmetric  stretch-bend  combination  tones.  Fur- 
theimore,  we  discern  some  indication  of  upper  and  lower  state  bending  frequencies. 

The  spectra  associated  with  silicon  trimer  are  exemplified  by  the  data  on  the  E-X 
band  system  depicted  in  Figures  17  and  18.  The  two  spectra  depicted  in  Figure  17 
indicate  an  increased  cooling  of  the  trimer  E-X  band  system  (excited  E  state  trimers) 
in  the  supersonic  expansion  process.  These  bands  can  be  correlated  in  a  Deslan- 
dres-like  scheme  (Figure  18)  with  what  appears  to  be  short  progressions  in  an 
~  310  cm"'  upper  state  and  ~  370  cm"'  lower  state  frequency,  the  former  being 
in  excellent  agreement  with  die  observations  of  Weltner  and  McLeod^'  (w'  -  310 
cm"')  and  the  latter  with  the  negative  ion  photoelectron  measurements  of  Kitsopoulos 
et  al.^^  (to"  -  360  ±  40  cm"').  Although  some  evidence  for  structure  associated  with 
ground  and  excited  state  bending  modes  is  obtained,  the  spectra  ^pear  to  be 
dominated  by  progressions  that  are  best  ascribed  to  the  symmetric  stretching  mode 
or  to  combination  tones  involving  the  symmetric  stretch  and  bending  modes.  The 
electronic  origin  of  the  observed  gas-phase  Sh  spectrum  correlates  well  with  the 
previously  observed  matrix  spectrum.^'  This  is  not  surprising  for  Sb  is  a  covalent 
molecule  and  therefore  matrix  interactions  and  the  subsequent  matrix  shift  are  not 
expected  to  be  substantial. 

The  EFELIPS  experiment  is  ideally  suited  to  the  silicon  trimer  system  as  it  is  to 
the  carbon,  germanium,  tin,  and  lead  systems.  This  follows  because  the  bond 
energies  of  the  metalloid-metalloid  or  metal-metal  bonds  in  the  trimers  exceed 
those  for  the  dimers.  Both  in  the  carbon  and  silicon  systems,  the  emission  spectra 
observed  for  die  trimers  would  indicate  that  a  comparable  excited  state  dim^  arid 
trimer  concentration  is  fwined  in  the  plasma.  One  observes  extensive  emission 
spectra  for  botii  Ct  and  C3  viewed  in  direct  observation  of  a  laser  v^)orized  carbon 
plasma.  The  ease  with  which  the  LIPS  technique  can  be  applied  to  the  study  of  the 
emission  spectra  for  Group  IVA  element  polyatomics  might  be  contrasted  to  the 
coinage  metals  where  the  bond  energy  of  ct^po^  and  silver^^  trimer  is  greatly 
exceeded  by  tfiat  of  the  dimer**’^’  and  where  predissociation  and  photodissociation 
may  dominate  the  spectra  of  excited  electronic  states.  Here  die  observed  dimer 
emission  spectra  are  mwe  readily  observed**  than  are  diose  of  the  much  more 
weakly  bound  trimer  emitters. 

The  Sis  ground  state  frequency  (370  ±  20  cm"')  dominating  the  EFELIPS 
experiment  and  the  rregative  ion  photoelectron  study  of  Kitsopoulos  et  al.  (360  ± 
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F^re  17.  Laser-induced  plasma  emission  spectrum  for  the  "E'-X  band  system  of 
silicon  trimer.  The  spectrum  in  (b)  was  obtained  at  higher  argon  backing  pressure  (Pjoiai 
-  65  psi)  than  was  the  spectmm  in  (a)  (PtouI  •  40  psi)  and  is  characterized  by  a  colder 
rotational  temperature  attained  in  the  supersonic  expansion  process.  The  features  are 
arranged  in  a  Deslandres-like  scheme  in  Figure  18.  See  text  for  discussion. 
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Figure  18.  DesI  and  res-like  scheme  for  the  "E'-X  band  system  of  the  silicon  trimer. 
The  features  are  correlated  primarily  (solid  lines)  with  transitions  in  symmetric  stretch 
or  symmetric  stretch-bend  combination  frequencies  of  the  upper  (*E  )  and  ground  (X) 
states  of  the  trimer.  Additional  features  (dashed  lines)  are  shifty  by  frequency 
separations  thought  to  correspond  to  ground  or  excited  state  bending  modes.  The  E 
label  for  the  state  Is  tentative  and  based  on  a  correlation  with  the  data  in  refs.  51  and 
52.  See  text  for  discussion. 
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40  cm"')  are  distinct  from  the  calculated  symmetric  stretch  frequency  range, 
between  574®'  and  582  cm"'  for  the  totally  symmetric  mode  of  the  Sis '  Ai  ground 
state.  The  disagreement  with  the  574  cm"'  symmetric  stretch  frequency  determined 
by  Grev  and  Schaefer®'  or  the  582  cm"'  value  determined  by  Raghavachari®^  may 
not  be  surprising  because  calculations  at  the  Hartree-Fock  level  do  not  have 
sufficient  flexibility  to  properly  describe  bond  stretching.  However,  the  magnitude 
of  the  disagreement  is  surprising.  More  recent  calculations  suggest  that  the  sym¬ 
metric  stretch  frequency  for  the  “X”  'Ai  state  may  be  as  slow  as  550  cm"';®^ 
however,  this  value  is  still  much  higher  than  the  frequency  separations  which  are 
observed  experimentally.  This  may  suggest  more  complex  shortcomings  in  the 
theoretical  description  of  the  trimer  ground  state.  Alternatively,  both  the  photoelec¬ 
tron  and  LIPS  experiments  may  probe  regions  of  the  ground-state  potentials 
corresponding  to  geometries  distinct  from  those  associated  with  the  minima  of  the 
potentials  describing  the  bending  or  symmetric  stretching  mode.  It  may  also  be 
significant  that  the  difference  in  frequency  (vi-V2)  for  the  symmetric  stretch  and 
bending  mode  (V2  -  150-180  cm"')  corresponds  well  with  the  370  cm"'  separations 
observ^  in  the  LIPS  and  photoelectron  studies,  suggesting  that  one  might  ascribe 
the  experimental  frequency  separations  to  combination  tones.®”  However,  a  second 
and  possibly  more  likely  explanation®®  is  that  the  observed  transitions  may  be 
associated  with  a  degenerate  e'  vibration  associated  with  the  lowest  Dsh  ^^2  state 
of  the  trimer.  The  spectral  transitions  observed  in  emission  may  terminate  in  this 
lowest  energy  triplet  state.  It  will  be  important  for  quantum  chemists  to  describe 
these  states  and  to  evaluate  their  vibrational  modes  as  well  as  their  coupling  to  the 
highest  level  of  description  so  as  to  aid  the  definitive  assignment  of  the  observed 
photoelectron,  gas  phase  emission,  and  matrix  isolation  spectra. 

D.  Aluminum  Based  lon>Molecule  Complexes 

Ion-molecule  complexes  are  well  known  and  have  been  formed  and  studied 
previously  in  a  wide  variety  of  experiments  with  a  basis  in  mass  spectroscopy  and 
molecular  beam  techniques.®^’®  Although  a  number  of  synthetic  approaches  to 
ion-molecule  formation  have  been  described,  spectroscopic  and  photochemical 
studies  of  ion-molecule  complexes  are  limited.  Brucat  and  co-woricers®^  have 
obtained  vibrationally  resolved  electronic  spectra  for  transition  metal-rare  gas  and 
transition  metal-H20  complexes.  More  recently,  Duncan  and  co-workers”  ’®  have 
studied  Mg'^C02  and  Mg'*^H20(D20)  complexes.  We  have  now  used  the  EFELIPS 
technique  to  form  electronically  excited  metal  based  ion-molecule  complexes 
whose  vibrationally  resolved  electronic  emission  is  monitored  through  direct 
observation  of  a  cooling  and  supersonically  expanding  laser-induced  plasma.®® 

Exemplary  of  this  study  are  electronically  excited  ion-molecule  complexes  of 
aluminum  whose  emission  spectra  extending  across  the  visible  and  uv  regions  are 
depicted  in  Figures  19  and  20  for  the  range  430-470  and  550-590  nm.  Emission 
spectra  associated  with  ArCO(AFOC)  and  ArH2  complexation  show  clear  vibra- 
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Fi^n  19.  Laser-induced  plasma  emission  spectra  for  aluminum  based  ion-molecule 
interactions.  Spectra  for  the  AI-O2  seeded  (40%)-argon,  AI-N2  (S0%)-Ar,  AI-H2  seeded 
(30%)-Ar,  and  A|-CO  (50%Mr  are  compared  to  those  for  the  expansion  of  an 
aluminum  plasma  in  pure  argon.  Evidence  is  obtained  for  complex  fonnation  as 
evidenced  by  vibrational  structure  accompanying  the  indicated  Ar  transitions  in  the 
CO,  H2,  and  possibly  N2  systems  and  broadening  in  the  N2  system.  See  text  for 
discussion. 
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Figure 20.  Laser-induced  plasma  emission  spectra  foraluminum  based  ion-molecule 
interactions.  Spectra  for  the  Al-Nj  (50%)-Ar  and  AI-CO  (50%)-Ar  systems  are  com¬ 
pared  to  those  for  the  expansion  of  an  aluminum  plasma  in  pure  argon.  Evidence  for 
vibrational  structure  attributed  to  ArcO  ion  molecule  complex  formation  associated 
with  the  A^  4p  ’p  -  4d ’d  transition  and  Al^^Na  ion  molecule  complex  formation 
associated  with  the  Al^'*’  4s  -  4p  transition  is  depicted.  See  text  for  discussion. 

tional  structure  associated  with  the  Al'*^-nx>lecule  stretch  or  triatomic  bending  mode  and 
can  be  cmelated  closely  with  transitions  among  several  excited  states  of  the  Al*^  ion.^^ 
In  Figure  19,  we  compare  emission  spectra  in  the  430-470-nm  range  obtained 
for  seeded  Al-Oj  (Ar),  AI-N2  (Ar),  AI-H2  (Ar),  and  Al-CO  (Ar)  expansions  with  the 
corresponding  emission  associated  with  the  Al-Ar  system  where  we  monitor  only 
that  emission  from  an  argon  entrained  laser-induced  aluminum  plasma.  The  alumi- 
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nurh-argon  system  shows  no  clear  signs  of  complexation,  the  laser-induced  plasm 
emission  in  this  region  being  dominated  by  the  Sp  ‘P-  11s  'SandA1^^4p  -P 
4d  transitions.^^  In  an  aluminum-Oa  seeded  (40%)-argon  expansion,  no  evi 
dence  is  obtained  for  complexation  although  weak  emission  corresponding  to  th' 
AlO,  Av  =  +1  and  +2  sequences  signals  the  formation  of  a  chemica 

bond  via  the  reaction  of  ground  or  excited  state  aluminum  atoms  and  0:  to  fom 
ground  or  electronically  excited  AlO  molecules.  The  observed  features  are  likel; 
produced  by  the  direct  formation  and  excitation  of  ground-state  AlO  molecules  ii 
the  plasma  or  through  direct  chemiluminescent  from  electronically  excited  AlO.^ 

The  aluminum-N2  (50%)-Ar  system  demonstrates  a  clear  broadening  of  the  .A1 
based  emission  features  (vs.  pure  argon)  in  the  430— 470-nm  region  whereas  tht 
aluminum-CO  (50%)- Ar  system  demonstrates  clear  vibrational  structure  that  mus 
be  associated  with  the  formation  of  an  Al‘*'CO  complex.  This  is  further  emphasizec 
in  the  550-590-nm  region  (Figure  20)  where,  again  in  comparison  with  the  Al*  4f 
'P  -  4d  'D  and  Al^*  4s  -  4p  ^P  plasma  emission’’  associated  with  a  pure  argot 
expansion,  we  observe  evidence  for  complexation  as  manifest  in  clear  vibrationa 
structure  for  AFCO  and  Al^^Nj  excited  state  complexes.’®  These  results  ar( 
indicative  of  the  broadening  and  vibrational  structure  associated  with  several  A1 
and  select  Al’*  emission  features  extending  across  the  visible  and  ultraviole 
regions.”’”  We  emphasize  the  dichotomy  in  comparing  the  N2  and  CO  systems  a* 
the  clear  broadening  and  vibrational  structure  coirelated  witfi  several  AF  emissior 
features  in  the  CO  system  is  considerably  muted  in  the  N2  system.  Meager  evidenct 
is  obtained  for  AF  N2  complexation  associated  with  the  AF  1  Is  'S  excited  state.  Ir 
contrast,  the  Al’*  emission  features  display  clear  and  surprising  broadening  as  wel 
as  vibrational  structure  that  is  virtually  muted  in  the  CO  system  (weak  Al’^CC 
complex  emission).  In  view  of  the  coulombic  explosion’*  that  is  expected  tc 
dominate  the  behavior  of  multiply  charged  complexes  resulting  in  rapid  dissocia 
tion,  the  observed  emission  merits  further  discussion. 

The  observation  of  Al^"^  emission  features  certainly  demonstrates  the  substantia 
energy  available  to  the  constituency  of  a  tocr  generated  plasma.  The  observatior 
of  satellite  features  associated  with  certain  of  these  Al^*  emission  features  tha 
appear  attributable  to  an  Al^‘*’-N2  interaction  may  seem  suiprising  in  view  of  tht 
lack  of  evidence  for  these  complexes  in  experiments  based  in  mass  spectroscopy 
and  the  anticipated  coulombic  explosion  that  accon^anies  multiply  charged  ions. 
We  suggest  that  these  observations  may  be  associated  witfi  the  short  time  scale  fo: 
ion  emission  verses  that  for  mass  spectrometric  sampling. 

The  data  that  we  have  collected  for  the  430-470  and  550-590-nm  regions  ma\ 
also  signal  the  importance  of  the  charge  transfer  process.  In  the  N2  system,  w« 
observe  evidence  for  vibrational  structure  with  Av  -  40  cm~‘  associated  with  the 
Al’'*’  4s  ’S  -  4p  ’P  transition”  (figure  20).  It  is  reasonable  to  associate  this  structurf 
with  the  A1^*-N2  interaction.  Although  we  observe  significant  broadening,  there  n 
little  evidence  of  vibrational  structure  associated  with  the  Al^^  4p  -  4d 
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transition.^  The  4p  state  lies  at  ~  17.80  eV  whereas  the  4s  and  4d 
states  lie  at  15.64  eV  and  20.55  eV  respectively.  The  chaise  transfer  processes: 

A12+  +  AB(X  'r)  —  Al*  OS)  +  AB+(X2r)  (20) 

(AB=C0J^2.H2) 

to  form  ground  state  Al*  and  AB*  are  all  highly  exothermic,  with  the  N2,  CO,  and  H2 
ioni2:ation  potentials  being  15.58, 14.01,  and  15.43  eV  respectively.^^  If,  however,  the 
charge  transfer  process  forms  Al*  atoms  in  high  Rydberg  states,  the  energy  liboated  in 
ion  formation  can  be  considerably  less.  Similarly,  the  fcxmation  of  the  excited  states  of 
the  CO*  or  N2*  ions  again  lowers  the  excess  energy  available  for  dissociation  via  the 
charge  transfer  process,  although  this  route  does  not  appear  to  be  readily  available  if 
AB*  =  H2*  with  its  plethora  of  low-lying  rq)ulsive  excited  states. 

The  charge  transfer  process  to  produce  ground  state  N2*  is  ~  1.57  eV  less 
exothermic  than  that  producing  ground  state  CO*.  If  we  are  given  a  sufficient 
branching  into  high  Rydberg  states  of  Al*,  the  excess  energy  available  if  AB  =  N2 
can  be  quite  small.  Furthermore,  there  exists  the  possibility  for  forming  electroni¬ 
cally  excited  NJ  and  CO*  products  for  which  the  tandom  singly  charged  ion 
formation  process  can  be  made  virtually  thermoneutral  in  the  sense  that  little  or  no 
excess  energy  is  available  or  an  activation  barrier  to  product  formation  must  be 
surmounted.  Thus,  it  would  not  be  surprising  to  find  some  component  of  the  Al^*- 
ions  and  N2  or  CO  molecules  that  does  not  complete  the  charge  transfer  process 
and  instead  interacts  to  form  A1^*AB  excited  state  complexes.  If  the  process  of  Al^* 
based  excited  state  complex  formation  and  subsequent  emission  competes  effec¬ 
tively  with  charge  transfer  complex  formation  and  subsequent  dissociation  via 
coulombic  explosion,  these  initial  observations  are  consistent. 

Finally,  in  Figure  19,  we  also  observe  evidence  for  Al*-H2  complexation  in  the 
aluminum-H2  seeded  (30%)-argon  system.  This  behavior  is  also  indicative  of 
several  Al*  emission  features  extending  across  the  visible  and  ultraviolet  The 
broadening  and  vibrational  structure  observed  in  the  range  of  studies  with  CO,  H2, 
and  N2  appears  to  be  associated  with  the  strongest  Al*  emissicm  features  and  tiius 
the  Al*  transitions  with  the  shortest  radiative  lifetime.  All  complex  emissions 
involve  singlet  (Al*>-singlet  (CO,H2)  interactions  as  the  resulting  singly  charged 
electronically  excited  molecular  ion  complexes  are  likely  formed  in  orbiting 
collisions  of  Al*  with  CO  and  H2.  The  40-120  cm"*  vibrational  level  separations 
observed  experimentally  are  consistent  with  quantum  chemical  calculations  on  the 
ground  electronic  *2  states  of  Al*CO,  Al*OC,  and  A1*H2  (Table  5). 

The  combination  of  results  suggests  that  the  manifestation  of  complex  fcxmation 
and  subsequent  emission  in  these  systems  can  be  correlated.  The  radiative  lifetimes 
associated  with  the  excited  state  emissions  observed  must  be  sufficiently  short  so 
as  to  allow  a  reasonable  and  readily  monittM-ed  emission  rate  on  the  time  scale  of 
vibration  in  the  complex.  The  most  clearly  developed  complex  structure  is  associ- 
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Table  5.  Calculated  Frequencies  and  Infrared 
Intensities  for  Select  Al^  Ion-Molecule  Complexes^ 


Molecule 

v(cnr^) 

/  (hn/mol) 

AlCO** 

2487  (2417)' 

101 

134 

0.4  pi  (bend) 

83 

51 

AlOC*'’ 

2341  (2417)' 

319 

85 

18 

83 

4pi 

AlNj** 

2735 

13 

101 

1.6  pi 

41 

41 

AIH2*  ^ 

4510(4582)' 

24 

356 

6  assym.  stretch 

117 

15  bend-stretch  of  Al*  front  H2 

‘Al*  ground  state  l$^s^p*3s^  'S. 

*AI*CO,  Aroc,  and  ArNi  linear  ground  state.  Al^Hz  has  a  €>  bent 
ground  state. 

^Calculated  frequencies  for  unpenuibed  diatomic  molecules  CO,  N2  and  H2. 


ated  with  the  most  intense  Ar  emission  features.^  These  features  are  correlated 
with  the  shortest  lived  excited  states.  Several  additional  weak  Al^  singlet- 
singlet  transitions  have  been  monitored  with  only  a  marginal  indication  of 
complex  structure.  These  results  suggest  a  strong  correlation  between  the  ability 
to  observe  the  evidence  of  complex  formation  and  the  radiative  lifetime  associated 
with  the  A\*  transitions  of  interest.  The  correlation  suggests  (1)  the  manifestation 
of  short-lived  complex  formation  and  (2)  that  the  radiative  lifetime  of  the  Al*-based 
excited  state  complex  must  be  sufficiently  shot  so  that  this  emission  rate  con^etes 
favorably  witii  the  time  scale  for  complex  dissociation.  If  the  dissociation  of  the 
excited  state  con^lex  is  sufficiently  slow,  it  may  be  possible  for  excited  state 
emission  to  compete  effectively. 

The  suggested  trends  will  need  to  be  assessed  more  definitively  in  future 
experiments  not  only  with  aluminum  but  also  with  several  addition^  closed  shell 
or  singlet  state  metal  ions.  The  competition  between  emission  and  dissociation  rate 
may  also  account  in  part  for  the  observation  of  A1^'*’N2  complex  features  despite 
coulombic  explosion^*  as  vibrational  structure  is  also  associated  with  the  strongest 
Al^'^  transitions.^ 

Attempts  to  observe  emission  features  associated  with  complex  formation  and 
correlating  with  open  shell  Al'*'  triplet-triplet  transitions,  as  manifest  by  satellite 
structure  in  tiie  vicinity  of  the  corresponding  Al*  transition  features,  have  been 
unsuccessful.  Triplet  unpaired  excited  electronic  states  may  contribute  to  limited 
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chemical  bond  formation  more  readily  than  do  their  singlet  counterparts.  In  contrast 
to  complex  formation,  chemical  bond  formation  is  expected  to  produce  excited  state 
emissions  shifted  considerably  from  tfiose  atomic  features  with  which  they  corre¬ 
late  in  the  dissociation  limit.  These  suggestions,  of  course,  await  further  confirma¬ 
tion  in  the  laboratory. 
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The  energetics  of  the  chemiluminescent  reaction  between  bismuth  dimers  and  fluorine  atoms  (T.C.  Devore  et  al.,  Chem.  Phys. 
1 55  (  1 99 1  )  423: 1 56  ( 1 99 1 )  1 56 )  has  been  evaluated  to  better  refine  a  determination  of  the  bismuth  fluoride  dissociation  energy. 
By  directly  examining  the  spectrum  of  the  SF*  discharge  used  to  generate  the  F  atoms  to  establish  the  significant  energy  imparted 
to  these  dissociation  products  and  by  exploring  F  atom  chemiluminescent  reactions  with  known  energetics,  the  F  atom  beam  is 
established  to  have  contributed  a  maximum  of  0.8-0.9  eV  to  the  chemiluminescent  process.  Based  upon  the  observed  population 
of  the  =4  level  of  the  BiF  state  resulting  from  the  Bia-f  F  reaction,  a  BiF  bond  energy  of  3.910.2  eV  is  csublished.  This 
value  is  slightly  hi^er  than  a  very  recent  evaluation  of  the  BiF  bond  energy  (Yoo  ct  al.,  Chem.  Phys.  166  ( 1992)  215)  but 
disagrees  with  previous  determinations  in  the  literature.  Many  of  the  previous  evaluations  of  the  group  1 5  halide  dissociation 
energies  have  been  based  on  Birge-Sponer  extrapolations.  The  data  now  available  for  BiF  permits  an  evaluation  of  the  nature  of 
these  extrapolations  for  this  molecule.  The  limitations  of  these  extrapolations  and  possible  corrections  for  these  shortcomings  are 
presented. 


L  Introduction 


Although  the  stabilities  and  molecular  electronic 
structure  of  the  group  1 5  halides,  PX-BiX  have  been 
rather  sparsely  characterized  (table  1 )  [1-18],  con¬ 
siderable  recent  interest  has  been  focused  on  the  BiF 
molecule  [19).  This  interest  has  been  based,  in  part, 
on  the  desire  to  energy  transfer  pump  the  BiF  AO*^ 
(II)  state  in  order  to  form  a  visible  chemical  laser 
operating  on  the  A-X  (0'^ )  transition  at  wavelengths 
close  to  450  nm.  We  have  recently  [  1 6, 1 7  ]  been  con¬ 
cerned  with  an  evaluation  of  the  BiF  red  emission 
systems  which  emanate  from  two  excited  electronic 
states  located  at  energies  and  inlemuclear  distances 
in  close  proximity  ( <2000  cm'*)  to  the  BiF  AO'^ 
(II)  state.  This  density  of  states,  specific  to  the  BiF 
molecule  and  representing  some  considerable  devia¬ 
tion  from  the  trends  characterizing  the  lighter  group 


1 5  halides  ( fluorides ),  strongly  influences  the  appar¬ 
ent  level  structure  of  the  BiF  A  state. 

In  response  to  the  intriguing  suggestion  by  Ross  et 
al.  [15]  that  the  BiF  bond  energy  was  close  to  5  eV, 
exceeding  by  2  eV  previous  estimates  in  the  litera¬ 
ture,  we  obtained  an  estimate  of  the  BiF  bond  disso¬ 
ciation  energy  through  a  comparative  evaluation  of 
the  chemiluminescent  Bi^^  (Bi,  Bi2)  +  F2  and  Bi2  +  F 
reactive  encounters.  Based  on  an  evaluation  of  the 
reaction  energetics  for  the  Bi2+F  reaction  uncor¬ 
rected  iox  (1 )  vibrational  excitation  in  Bi2  and  (2) 
the  translational  energy  of  those  F  atoms  reacting  with 
the  bismuth  dimer,  we  estimated  that  the  upper  limit 
for  the  bond  energy  of  BiF  could  exceed  4.5  eV  but 
indicated  that  the  energetics  needed  to  be  refined  be¬ 
fore  an  accurate  upper  limit  could  be  determined 
[  16].  In  this  communication,  we  summarize  the  re¬ 
sults  of  our  studies  to  refine  [17]  this  initially  esti¬ 
mated  value,  taking  into  account  the  significant 
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Tabic  I 

Evaluated  dissociation  energies  for  group  15  halides  PX-BiX 


Element 

Dissociation  energy  for  MX  ( X  = 

F.  Cl.  Br.  I )  in 

i  electron  volts 

F 

Cl 

Br 

I 

F 

4.5  +  1  *”  [11.4.55+0.4  [2] 

- 

- 

■ 

As 

Sb 

4.2"  [3] 

4.5+1  •"  [61 

3.7+0.5'”  [5] 

3. 2  +  0.6  [4] 

2.5  +  1  [7] 

Bi 

2.65  +  0.3"  [11-131  >4" 

3.13±0.1 

[9,10] 

2.74  +  0.01  *’■"  [7,8] 

3.14  I21].3.76±0.13  [181 

References  in  parentheses. 

Linear  Birge-Sponer  extrapolation. 

Theoretical  calculation. 

Linear  Birge-Sponer  extrapolations  give  values  ranging  from  4.2  to  5.7  -  suggested  by  ref.  [14]. 
Suggested  by  ref.  [14], 

Refs. [1 5-1 7]. 

Mass  spectrometry. 


translational  energy  associated  with  fluorine  atoms 
produced  from  an  SF^  discharge,  discuss  the  impli¬ 
cations  of  this  refinement  correlated  with  other  re¬ 
cent  studies  of  the  BiF  bond  energy  [  1 5, 1 8  ]  and  con¬ 
sider  the  recently  proposed  parameterizations  of  Yoo 
et  al.  [18]»  to  evaluate  the  BiF  bond  dissociation 
energy. 


2.  The  BIF  bond  dissociation  energy 

Recently  Yoo  et  al.  [18]  have  used  photoion  yield 
curves  and  a  second  and  third  law  treatment  based 
on  the  ion  intensities  for  the  reaction 

2Bi(g)  +  BiFj(g)--3BiF(g)  (>) 

to  establish  the  dissociation  energy  of  BiF  as 
3. 76  ±0.1 3  eV.  This  value  is  nearly  1  eV  larger  than 
the  previously  accepted  values  for  the  dissociation 
energy.  2.65  eV  estimated  from  spectroscopic  data  by 
Gaydon  [  14],  3.0  eV  determined  using  an  empirical 
ionic  model  by  Rai  and  Singh  [  20  ] ,  and  less  than  3. 1 4 
eV  determined  by  Jones  and  Mclean  [21]  from  a 
possible  predissociation  of  the  AO*  state;  however,  it 
is  over  1  eV  lower  than  the  value  of  nearly  5  eV  de¬ 
termined  by  Ross  et  al.  [  15]  from  a  long  extrapola¬ 
tion  of  vibrational  level  separations  based  on  a  Leroy- 
Bemstein  [22]  plot  using  the  ground  state  molecular 
constants. 

In  investigating  the  spectroscopy  and  dynamics  of 
the  chemiluminescent  reactions  between  bismuth  va¬ 


por  (Bi.  Bij)  and  fluorine  atoms  and  molecules,  we 
[  1 6, 1 7  ]  have  focused  some  considerable  attention  on 
the  intense  chemiluminescent  emission  from  the 
Bi2-l-F  reaction.  In  our  initial  study  [16]  we  sug¬ 
gested.  in  agreement  with  Ross  et  al.  [15],  that  the 
upper  limit  for  the  BiF  dissociation  energy  could  be 
greater  than  4.5  eV  [16].  However,  it  was  also  stated 
that  a  more  careful  assessment  of  the  internal  energy 
of  the  reactants,  particularly  the  translational  energy 
of  the  F  atom  beam  in  the  Bi^  +  F  atom  reaction, 
would  be  needed  before  a  more  precise  value  for  the 
upper  limit  of  the  dissociation  energy  could  be 
determined. 

We  have  now  further  refined  these  experiments 
through  an  assessment  of  the  F  atom  beam  produced 
in  the  SF6  discharge  employed  to  study  the  Bi.-i-F 
reaction.  It  is  clear  that  the  F  atoms  are  produced  with 
a  significant  translational  energy  and  that  the  trans¬ 
lational  energy  is  involved  in  the  reaction  since  the  F 
atom  based  chemiluminescent  signature  in  the  vicin¬ 
ity  of  the  oxidant  source  displays  a  substantial  direc¬ 
tionality  relative  to  that  characterizing  the  bismuth 
vapor/ F2  interaction.  Based  upon  a  comparison  of 
the  reaction  energetics  for  several  known  systems,  we 
suggested  an  upper  bound  value  of  4.2  ±0.2  eV  for 
the  BiF  bond  energy  based  on  an  F  atom  transla¬ 
tional  energy  in  excess  of  0.5  eV  [17].  This  F  atom 
energy  has  now  been  more  stringently  parameterized 
to  energies  of  order  0.8-0.9  eV.  With  this  correction, 
assuming  differences  in  the  translational  energy  of  the 
other  reactants  and  products  are  negligible,  the  ther- 
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mochemical  cycle  [16.17]  involving  B12  and  hoi  F 
aioms  suggests  a  BiF  bond  energy  of  order  3.9  ±0.2 
c V.  slightly  higher  than  that  given  by  Yoo  el  ai.  [18]. 
The  uncertainty  is  based  upon  estimates  of  the  uncer¬ 
tainty  in  the  F  atom  energy  and  will  allow  for  possible 
vibrational  excitation  m  the  Bi:. 

The  determination  of  Yoo  et  al.  [18]  and  our  re¬ 
finement  of  the  dissociation  energy  provide  insight 
into  the  chemiluminescent  signature  observed  for  the 
interaction  of  bismuth  vapor  and  F2  [16,17].  This 
reactive  system  produces  strong  emission  from  the 
low-lying  vibrational  levels  of  the  AO*  state  and  weak 
emission  from  the  BO^  state  and  high  vibrational  lev¬ 
els  of  the  AO'*’  stale  [  16].  If  the  reaction 

Bi(g)  +  F2(g)-BiF(g)  +  F(g)  (2) 

contributed  to  the  observed  strong  chemilumines¬ 
cence,  this  would  require  that  the  BiF  bond  energy 
exceed  4.45  eV  [16,17].  Since  the  dissociation  en¬ 
ergy  of  BiF  is  close  to  4  eV,  the  reaction  ( 2 )  can  pro¬ 
duce  only  vibraiionally  excited  ground  state  BiF.  The 
Bi2  present  as  a  substantial  constituent  of  the  bis¬ 
muth  flux  must  react  to  produce  BiF  excited  elec¬ 
tronic  states  via  the  four  center  reaction  [  1 6,24  ] 

Bi2(g)  +  F2(g)-2BiF(g).  (3) 

Since  the  i’=6  level  of  the  BO'^  state  and  high  vibra¬ 
tional  levels  of  the  AO'*’  ( II )  state  ( u'  >  20  was  iden¬ 
tified  with  certainty  in  ref.  [16]  and  Ross  et  al.  [15] 
reported  t^'=26  under  similar  experimental  condi¬ 
tions)  are  populated,  at  least  3.7  eV  of  excess  energy 
can  be  deposited  into  the  product  molecules  formed 
via  reaction  (3).  If  we  ignore  the  possible  internal 
energy  in  the  reactants  and  use  3.76  eV  as  the  disso¬ 
ciation  energy  of  BiF,  reaction  (3)  can  generate  ap¬ 
proximately  3.9  eV  in  one  of  the  BiF  products.  Thus, 
up  to  ft  95%  of  the  available  reaction  exothermicity 
can  be  deposited  into  one  of  the  two  product  BiF 
molecules  during  the  reaction!  This  large  percentage 
of  the  reaction  energy,  pooled  into  only  one  of  the 
product  species,  suggests  that  it  may  be  possible  to 
use  chemiluminescent  dimer  reactions  to  provide 
reasonable  estimates  for  bond  energies.  Further  in¬ 
vestigation  will  be  needed  to  ( I )  determine  if  this 
conclusion  will  hold  in  general  and  (2)  assess  the 
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conditions  under  which  this  limit  is  reached.  If  tins  is 
a  general  result,  the  energetics  of  chemiluminescent 
cluster  reactions  could  provide  insight  into  cluster 
binding  energies  as  well  as  product  dissociation 
energies. 

3.  The  Bij-F  reaction 

The  chemiluminescence  from  the  reaction 

Bi2(g)-l-F(g)-^BiF(g)  +  F(g)  ,  (4) 

where  the  F  atoms  are  produced  via  a  discharge 
through  SFft  has  now  been  more  thoroughly  investi¬ 
gated  [16,17].  The  t  '=4  level  of  the  BiF  AO’*’  state 
is  populated  by  the  reaction  but  emission  from  the 
BO'*’  state  and  high  vibrational  levels  of  the  AO'*’  state 
are  not  readily  observed.  Approximately  3  eV  of  ex¬ 
cess  energy  is  required  to  produce  the  observed  emis¬ 
sion.  Since  reaction  ( 3)  is  exothermic  by  less  than  2 
eV,  Yoo  et  al.  [18]  questioned  whether  the  Bi2-HF 
reaction  was  studied  [16]  by  Devore  et  al.  and  sug¬ 
gested  that  F2  production  in  the  discharge  provided 
the  necessary  reactant  to  produce  the  observed  emis¬ 
sion  in  the  bismuth  vapor/SF^  discharge  system.  This 
possibility  was  carefully  considered  [16].  There  is  no 
evidence  to  support  the  assumption  that  F.  is  present 
in  the  discharge  system.  The  spectrum  of  the  SF6  dis¬ 
charge  was  examined  [17]  to  determine  if  F2  mole¬ 
cules  were  produced.  A  dispersed  spectrum  of  the  di¬ 
rectly  viewed  discharge  through  pure  SF^  reveals  (fig. 

1 )  considerable  F  atom  emission,  some  HF  emis¬ 
sion,  and  an  as  yet  unidentified  sulfur-based  emitter 
(possibly  SFj);  however,  the  orange  F2  recombina¬ 
tion  emission  bands  [25],  which  are  readily  de¬ 
tected,  were  not  observed.  Further,  if  we  examine  the 
discharge  tube  configuration  in  a  direction  perpen¬ 
dicular  to  the  reactant  exit  port,  we  monitor  no  emis¬ 
sion.  The  generated  potential  reactants  are  relaxed  to 
their  ground  states  (or  very  low-lying  excited  stales ) 
before  exiling  the  discharge  source  [17].  While  it  is 
possible  that  the  SFt,  cylinder  may  have  contained 
some  F2,  this  does  not  seem  likely.  Finally,  we  ob¬ 
serve  [16]  that  there  are  several  significant  differ¬ 
ences  in  the  BiF  spectra  observed  for  the  F2  based 
reactive  system  and  the  F  atom-Bi2  reaction  (3) 
which  have  been  detailed  previously  [16,17].  Con¬ 
sequently,  clear  evidence  against  an  F2  contaminant 
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Fig.  i.  Emission  spectrum  observed  in  the  region  A  >600  nm  after  passing  a  high  voltage  discharge  through  SF*.  The  spectrum  was 
obtained  by  aligning  the  discharge  with  a  spectrometer  monitoring  the  emission.  The  sharp  line-like  features  correspond  to  fluorine  atom 
transitions.  The  open  structure  band-like  features  correspond  to  HF  overtone  transitions.  Spearal  resolution  is  0. 1  nm. 


is  obtained.  Further,  it  is  clear  from  the  F  atom  emis¬ 
sion  associated  with  the  SF*  discharge,  that  consid¬ 
erable  energy  has  been  provided  to  the  F  atoms.  We 
observe  the  reaction  of  hot  F  atoms  with  bismuth 
vapor. 

4.  The  Birge-Sponer  extrapolation  -  bonding 
parameterization 

Yoo  et  al.  [18]  have  attempted  to  evaluate  the  ac¬ 
curacy  of  the  Birge-Sponcr  extrapolation  in  deter¬ 
mining  the  dissociation  energy  of  BiF.  Contrary  to 
the  image  left  by  their  discussion,  we  [16]  did  not 
explore  this  concept  previously.  The  statement  made 
in  the  introduaion  of  ref.  [16]  is  based  on  the  dis¬ 
cussion  given  by  Gaydon  [14]  and  later  reiterated  by 
Atkins  [  26  ] ,  meant  to  note  that  the  Birge-Sponer  ex¬ 
trapolation  can  yield  an  upper  bound  to  the  bond  en¬ 
ergy.  Nevertheless,  the  evaluation  of  the  Birge-Sponer 
extrapolation  for  the  group  1 5  halides  is  a  noble  un¬ 
dertaking  since  the  dissociation  energies  for  these 
molecules  arc  not  well  established  and  arc  derived,  at 


least  in  part,  from  these  extrapolations  [17].  Yoo  et 
al.  [18]  performed  a  linear  least-squares  e.xtrapola- 
tion  of  the  last  10  ground  state  vibrational  levels 
(r"  =  26.5  to  36.5)  reported  by  Ross  et  al.  [15]  to 
estimate  a  value  for  Do  (BiF)  of  4, 1 7  eV.  This  deter¬ 
mined  bond  energy  is  notably  larger  than  the  experi¬ 
mental  value  of  3.76  eV  which  they  found  for  the  dis¬ 
sociation  energy.  The  extrapolation,  using  only  the 
last  10  observed  levels  is,  of  course,  arbitrary  and  their 
motivation  for  choosing  these  levels  for  the  extrapo¬ 
lation  is  not  clear.  As  shown  in  table  2.  a  different 
value  for  the  dissociation  energy  is  obtained  depend¬ 
ing  upon  the  number  and  location  of  levels  used 
in  the  extrapolation.  Interestingly,  if  all  36  ground 
state  energy  levels  reported  by  Ross  et  al.  [15]  a-e 
used  for  a  linear  least-squares  treatment,  Do  is  esti¬ 
mated  to  be  3.83  eV,  a  value  which  is  within  experi¬ 
mental  error  of  the  experimentally  determined  dis¬ 
sociation  energy.  However,  as  demonstrated  in  the 
Birge-Sponer  plot  of  fig.  2,  the  vibrational  energies 
are  clearly  non-linear.  Both  the  lower  and  the  higher 
vibrational  levels  lie  above  the  least-square  line  sug¬ 
gesting  that  a  linear  extrapolation  will  underestimate 
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Table  2 

Apparent  values  determined  for  the  dissociation  energy  of  BiF 
by  linear  Birge-Sponer  extrapolation  using  a  subset  of  the  ground 
state  energy  levels  determined  by  Ross  ei  al.  (15] 


Levels  used 

Do(eV) 

0-  5 

3.38 

0-10 

3.45 

0-15 

3.55 

0-20 

3.62 

0-25 

3.69 

0-30 

3.75 

0-36 

3.83 

5-36 

3.85 

10-36 

3.89 

16-36 

3.99 

21-36 

4.06 

26-36 

4.17 

31-36 

4.30 

the  dissociation  energy  determined  on  the  basis  of 
evaluating  the  area  under  the  i  n  versus  v  curve. 
If  only  the  first  five  energy  levels  are  used,  a  typical 
experimental  limitation,  the  value  determined  on  the 
basis  of  linear  extrapolation,  3.38  eV,  is  roughly  10% 
low.  At  least  for  BiF,  extrapolations  for  the  first  few 
levels  underestimate  the  dissociation  energy  while 


extrapolations  from  the  upper  levels,  for  which  iht 
second-order  anharmoniciiy  correction  term  is  be 
ginning  to  become  important,  overestimate  the  dis 
sociation  energy.  If  this  trend  would  hold  in  general 
it  may  be  possible  to  establish  upper  and  lower  limits 
for  the  dissociation  energy  using  this  approach. 

Yoo  et  al.  [18]  suggest  that  the  dissociation  ener¬ 
gies  obtained  from  linear  Birge-Sponer  plots  can  be 
modified  to  give  excellent  estimates  for  the  dissocia¬ 
tion  energy  by  using  the  corrections  for  ionicity  sug¬ 
gested  by  Hildenbrand  [27.28].  In  this  case,  the\ 
predict  dissociation  energies  for  the  group  1 5  halides 
in  excellent  agreement  with  the  experimental  values 
using  a  linear  Birge-Sponer  extrapolated  dissocia¬ 
tion  energy  based  upon  only  the  first  few  observed 
ground  state  energy  levels.  While  this  might  be  a  very 
encouraging  result,  it  is  discomforting  to  note  that  as 
more  levels  are  added,  the  agreement  between  the  ex¬ 
perimental  value  and  the  predicted  value  becomes 
worse.  A  better  strategy  here  might  be  to  use  the  wei! 
known  relationship  between  the  harmonic  vibra¬ 
tional  frequency  and  the  first  anharmoniciiy  con¬ 
stant  [29,30]  for  the  Morse  potential 


340-1 - ^ - - - - - 1 

0.5  10,5  20.5  30.5  40.5 

v+1/2 


Fig.  2,  Comparison  of  observed  vibrational  spacings  for  the  v"  =0.5-36.5  levels  of  the  ground  XO^  suic  of  BiF  with  a  linear  least-squares 
Birge-Sponer  extrapolation  using  the  entire  manifold  of  known  ground  stale  energy  levels.  The  deviation  of  the  observed  data  from 
linearity  can  readily  be  seen.  See  text  for  discussion. 
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to  estimate  the  uncotrecied  dissociation  energy  in  the 
Hildenbrand  equations.  These  corrections  would  then 
be  independent  of  the  number  of  levels  used  and  the 
corrections  tould  be  related  to  modifications  in  the 
potential  well  due  to  ioniciiy.  Investigations  into  the 
reliability  of  this  approach  arc  in  progress. 

It  should  be  possible  to  accurately  determine  the 
dissociation  energy  from  extended  spectroscopic  data 
such  as  that  available  for  BiF.  The  data  of  Ross  et  al. 
[15]  can  be  fit  to  a  power  series  to  evaluate  the  spec¬ 
troscopic  constants.  These  constants  can  then  be  used 
to  calculate  all  of  the  vibrational  spacings  below  the 
dissociation  limit.  The  dissociation  energy  was  eval¬ 
uated  by  summing  over  all  vibrational  spacings  [  30  j . 

^0  =  Z  +  >  /2  * 

i' 

with 

A(7,.+  ,/2=o;e-2£Ue.re(r+  1  )+oj^y^{3v~^6v-^^)  . 

Although  very'  good  data  exist  for  ground  state  levels 
up  to  r=36.  the  constants  derived  from  non-linear 
analysis  do  not  give  AGi  +  t/j  values  that  converge  to 
zero  for  fits  up  to  sixth  order.  Since  higher-order  fits 
are  not  experimentally  justified,  funher  evaluation 
has  been  limited  to  a  second-order  analysis.  The  con¬ 
stants  derived  for  a  second-order  fit  are  given  in  table 
3.  Vibrational  spacings  calculated  using  these  con¬ 
stants  reach  a  minimum  near  1 20.  If  a  small  third- 
order  correction  term  is  added  to  make  ACft.4.i/2  =  0 
at  r=  120.  the  dissociation  energy  calculated  for  BiF 
by  summing  over  the  vibrational  energies  is  3.8  eV;  a 
value  agreement  to  within  experimental  error  of  the 
measured  value.  .Although  there  is  some  uncertainty 
in  the  parameterization,  it  is  likely  that  this  proce¬ 
dure  will  provide  good  estimates  for  the  vibrational 
energy  if  enough  vibrational  levels  are  known  so  as  to 

Tabic  3 

Molecular  constanu  determined  by  fitting  the  energy  levels  of 
Ross  et  al.  [I5J  to  the  equation  where 

— c=3cu«,re+... 


Constant 

Value  determined 

Lit.  Value 

cu. 

513.33 

512.81cm-' 

(OeXr 

2.424 

2.35  cm’' 

6.248X10-' 

-cm’' 

d 

IXlO-' 

-cm’* 

Do 

3.8 

3.76  cV 

provide  a  reasonable  estimate  for  the  anharmonicity 
constants. 


Acknowledgement 

We  thank  David  Grantier  and  Jeffrey  Kispert  for 
helpful  assistance  with  the  additional  experiments 
outlined  here  and  acknowledge  data  taken  from  the 
work  of  John  Bray  on  the  Cu ,  +  F  system.  Lauri  Brock. 
Dawn  Jordan,  and  Kenneth  Dulaney  on  the  Mn,  +  F 
system,  C.B.  Winstead  and  H.  Wang  on  the  Mg,,  +  F 
system,  and  He  Wang  on  the  Ag.,  +  F  system.  TCD 
would  like  to  thank  the  NSF-RUI  program 
(CHE8900938)  for  partial  support  of  this  research. 
JLG  acknowledges  helpful  communications  with  R. 
Bacis.  B.  KofTend,  Michael  Heaven.  E.  E)orko,  T.  Cool 
and  E.H.  Fink,  who  provided  his  results  prior  to  pub¬ 
lication.  JLG  also  acknowledges  the  Air  Force  Office 
of  Scientific  Research-Army  Research  Office  and  the 
Strategic  Defence  Initiative  for  partial  support  of  this 
research. 


References 

( 1  ]  A.E.  Douglas  and  M.  Frackowiak,  Can.  J.  Phys.  40  ( 1 962 ) 
832. 

[2  ]  L.V.  Gurvich  el  al..  Thermodynamic  propenics  of  individual 
substances.  Vols.  1.2  (USSR  Academy  of  Sciences.  Moscow. 
1962)  [in  Russian  j. 

[3]  P.A.  O'Harc.  R.  Batana  and  ,A.C.  Wahl.  J.  Chem.  Phys.  59 
(1973)  6495. 

[4]  N.L.  Singh  and  M.N.  .Avasihi.  Indian  J.  Pure  Appl.  Phys.  I 
(1963)  197. 

[  5  ]  W.  Jevons,  Proc.  Phys.  Soc.  48  (  1 936 )  563. 

[6] H.G.  Howell  and  G.D.  Rochester,  Proc.  Phys.  Soc.  51 
(1939)  329. 

T.A.P.  Rao  and  P.T.  Rao.  Indian  J.  Phys.  36  ( 1962)  85. 

[7]  F.  Morgan.  Proc.  Soc.  49  (1936)  41. 

[8]  S.  Sankaranarayanan.  M.M.  Patel  and  P.S.  Narayan.  Proc. 
Indian  Acad.  Sci.  56  ( 1 962 )  1 7 1 . 

[9]  D.  Cubicciotti,  J.  Phys.  Chem.  64  (1960)  791. 

( 10]  P.  Venkateswarlu  and  B.N.  Khanna,  Proc.  Indian  Acad.  Sci. 
A5I  (I960)  14. 

[11]  K.C.  Joshi.  Proc.  Phys.  Soc.  78  ( 1961 )  610. 

1 12]  S.  Sankaranarayanan,  P.S.  Narayanan  and  M.t ,, .  „  1.  Proc. 
Indian  Acad.  Sci.  59  ( 1964)  378. 

1 13]  R.B.  Singh  and  D.K.  Rai,  Can.  J.  Phys.  43  ( 1965)  829. 

[14]  A.G.  Gaydon,  Dissociation  energies  and  speara  of  diatomic 

molecules,  3rd  Ed.  (Chapman  and  Hall,  London,  1968). 


rC  Devore.  J.L  Gole  /  Chemical  174  (1995)  409-415 


415 


(151  AJ.  Ross.  R.  Bacis,  J.  D’Incan,  C.  EfTuiin,  B.  KofTend.  A. 
Topouzkhanian  and  J.  Verges,  Chem.  Phys.  Letters  166 
(1990)  539. 

[ 16]  TC.  Devore.  L.  Brock,  R.  Kahlscheuer.  K.  Dulaney  and  J.L. 
Gole.  Chem.  Phys.  155  (  1991  )  432. 

[17]  J.L.  Gole.  in:  Gas  phase  metal  reactions,  ed.  A.  Foniijn 
( North-Holland.  Amsterdam.  1992)  pp,  578-604. 

[18]  R.K.  Voo.  B  Ruscic  and  J.  Berkowitz.  Chem.  Phys.  166 
(1992)  215. 

[19]  J.M.  Hcrbclin  and  R..A.  KJingberg,  Intern.  J.  Chem.  Kinetics 
16  (1984)  849; 

R.F.  Heidner  HI.  H.  Helvajian.  J.S.  Holloway  and  J.B. 
Koffend.  J.  Chem.  Phys.  84  ( 1 986 )  2 1 37; 

D.J.  Benard  and  B.K.  Winker,  J.  Appl.  Phys.  69  (1991) 
2805. 

[20]  B.  Rai  and  J.  Singh.  Speciry.  Letters  4  ( 1971 )  129. 

[21 1  W.E.  Jones  and  T.D.  McLean.  J.  Mol.  Spectry.  83  ( 1980) 
317. 

[22]R.J.  Leroy,  in:  Molecular  spectroscopy,  Vol.  1,  eds.  R.F. 
Barrow.  D.,A.  Long  and  D.J.  Millen  (Chemical  Society, 
London.  1 973 )  p.  1 1 3;  J.  Chem.  Phys.  73  (1980)  6003. 


[23]  F.  Kohl,  O.M.  Uy  and  K.D  Carlson.  J.  Chem.  Phys.  47 
(1967)  2667; 

D.  Rouner,  .A.  Drowan  and  J  Drowan.  Trans.  Faraday  Soc. 
63  (  1967)  2906. 

[24]  J.M.  Parson.  B.S.  Cheong.  R.P.  Kampf  and  M.D 
Oberlander,  EfTectsof  electronic  excitation  and  dimenzation 
of  metals  on  product  state  disinbuiions.  in:  Gas  phase  metal 
reactions,  ed.  A.  Foniijn  (North-Holland.  Amsterdam. 
1992). 

[ 25  ]  H.G.  Gale  and  G.S.  Monk.  Astrophys.  J.  69  (  1 929 )  77; 

T.L.  Poner,  J.  Chem.  Phys.  48  ( 1968)  2071. 

[26]  P.W.  Atkins,  Physical  chemistry,  4ih  Ed.  (Freeman.  San 
Francisco,  1990)  p.  487. 

[  27  ]  D.L.  Hildenbrand,  .Advances  in  high  temperature  chemistry . 

Vol.  1  (Academic  Press,  New  York,  1967)  p.  193. 

[28  ]  D.L  Hildenbrand  and  E.  Murad,  J.  Chem.  Phys.  5 1  ( 1 969 ) 
807. 

[  29 1  G.  Heabcrg,  Molecular  spectra  and  molecular  structure.  Vol. 
1.  Spectra  of  diatomic  molecules  (Van  Nosirand.  Pnneeton. 
1950)  p.  439. 

[30  ]  J.M.  Hollas,  Modem  spectroscopy  (Wiley.  New  York,  1987 ) 
p.  119. 


APPENDIX  m 


"Evidence  for  Continuous  Visible  Chemical  Lasing  from  the  Fast  Near  Resonant 
Energy  Transfer  Pumping  of  Atomic  Sodium",  K.  K.  Shen,  H,  Wang,  and  J.  L.  Gole, 
JQE29,2346  (1993). 


2346 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL.  29.  NO.  8.  AUGUST  1993 


Evidence  for  Continuous  Visible  Chemical  Lasing 
from  the  Fast  Near  Resonant  Energy  Transfer 
Pumping  of  Atomic  Sodium 

K.  K.  Shen,  H.  Wang,  and  J.  L.  Gole 


Abstract— Energy  transfer  from  selectively  formed  metasta¬ 
ble  states  of  SiO  is  used  to  pump  sodium  atom  laser  amplifiers 
at  X  s  569  nm  (4d^D-3p^P),  \  *  616  nm  (Ss^S-3p^P),  and  X 
«  819  nm  (3d^D-3p^P).  The  and  states  of  SiO  are 
generated  in  high  yield  from  the  Si  -F  N2O  -*  SiO  ■¥  Nj  reac¬ 
tion.  The  energy  stored  in  the  triplet  states  Is  transferred  in  a 
highly  efficient  collisional  process  to  pump  sodium  atoms  to 
their  lowest  excited  3d^D,  4d^D,  and  Ss^S  states.  Adopting  a 
sequence  in  which  high  concentrations  of  silicon  and  sodium 
atoms  are  mixed  and  oxidized,  we  monitor  a  continuous  ampli¬ 
fication  (gain  condition)  which  suggests  the  creation  of  a  pop¬ 
ulation  inversion  among  the  receptor  sodium  atom  energy  lev¬ 
els  and  forms  the  basis  for  full  cavity  oscillation  on  the  Na  4d^D- 
3p^P  transition  at  569  nm.  The  generic  concept  employed  to 
create  amplification  and  oscillation  in  this  system  should  also 
be  applicable  to  the  efficient  energy  transfer  pumping  of  poten¬ 
tial  amplifying  transitions  in  potassium  (K),  lead  (Pb),  copper 
(Cu— analog  of  Cu  vapor  laser),  and  tin  (Sn)  receptor  atoms. 

I.  Introduction 

The  development  of  visible  chemical  lasers  has  con¬ 
tinued  to  represent  an  elusive  and  challenging  scien¬ 
tific  problem  for  the  past  quarter  century  [1].  In  address¬ 
ing  this  challenge,  [2]-[6]  we  have  recently  been 
concerned  with  the  development  of  two  generic  ap¬ 
proaches,  utilizing  the  inherently  large  cross  sections 
which  characterize  certain  electronic  energy  transfer  pro¬ 
cesses  [7]  to  create  population  inversions  on  electronic 
transitions.  We  rely  on  a  limited  group  of  selective,  fast, 
and  direct  “electron  jump”  chemical  reactions  [2]  or  on 
highly  efficient  intramolecular  or  intermolecular  energy 
transfer  processes  [3]-[6]  involving  electronically  excited 
states.  Here,  we  address  the  creation  of  an  electronically 
inverted  atomic  configuration  through  highly  efficient  in¬ 
termolecular  energy  transfer  from  electronically  excited 
metastable  storage  states  to  atomic  receptors  with  a  high 
propensity  for  lasing  action.  We  present  evidence  for  the 
electronic-to-electronic  (E-E)  energy  transfer  pumping  of 
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sodium  atom  based  amplifiers  corresponding  to  the  Na 
4d^D-3p^P,  5s^S-3p^P,  and  3d^D-3p-P  transitions  at 
-569,  -616,  and  -819  nm  and  the  concomitant  full 
cavity  oscillation  on  the  Ad^D-3p~P  transition  at  X  *  569 
nm. 

In  order  to  pump  the  Na  atom  leveH  (3d^D,  Ad^D, 
5s^S)  of  interest  in  this  study,  we  first  must  form  suffi¬ 
cient  quantities  of  the  metastable  SiO  and  states 
as  the  products  of  the  primary  spin  conserving  Si-N20* 
and  Si-NOz’  reactions.  One  might  envision  the  SiO 
and  “6^11”  metastable  states  (lifetimes  esti¬ 
mated  to  be  between  10”'  and  10”^  s)  as  a  combined 
metastable  triplet  state  reservoir  which  is,  at  best,  weakly 
coupled  to  the  ground  electronic  X'E"''  state  of  the  metal 
oxide.  As  a  result  of  their  long  radiative  lifetime,  these 
reservoir  states  can  be  maintained  and  subsequently  made 
to  transfer  their  energy  to  pump  selected  atomic  transi¬ 
tions.  To  first  order,  such  a  pumping  process  for  the 
atomic  receptor  will  be  most  efficient  if  a  near  resonant 
energy  exchange  from  the  metastable  metal  oxide  reser¬ 
voir  is  feasible. 

We  make  use  of  the  efficient  intermolecular  energy 
transfer  process 

SiO(a^E^,  b^II)  -F  X  -  SiO(X'E^)  -F  X*  (1) 

where  X*  represents  the  electronically  excited  atomic  spe¬ 
cies  from  which  we  wish  to  obtain  lasing  action  and  the 
SiO  and  6^11  states  are  formed  under  multiple  col¬ 
lision  conditions  in  a  focused  argon  or  helium  entrainment 
flow  such  that  the  nascent  product  distribution  of  the  Si- 
N2O*  or  Si-N02’  reactions  is  rotationally  thermalized  and 
vibrationally  relaxed  [3,  Fig.  4]  to  the  lowest  levels  of  the 
triplet  state  manifold.  The  success  of  this  outlined  scheme 
depends  on  the  rates  for  the  reactions  forming  the  SiO  or 
GeO  metastables  [10],  [11]  and  the  rate  of  the  MO*  (M 
-  Si,  Ge)-X  intermolecular  energy  transfer,  which,  we 
anticipate,  will  be  influenced  by  the  nature  of  near  reso¬ 
nances  between  the  MO*  and  X*  energy  levels. 

The  outlined  energy  transfer  process  is  found  experi¬ 
mentally  to  be  quite  efficient  for  sodium  (as  well  as  po¬ 
tassium)  atoms.  To  an  even  greater  degree  than  that  in¬ 
herent  to  the  previously  studied  chemically  pumped  Tl- 
based  [3]-[6]  amplifier-oscillator  system  [3,  Tables  I  and 
II]  at  X  *  535  nm,  there  exist  near  resonant  matchups 
{AF.  *  100  cm”')  to  receptor  atom  levels  of  interest  in 
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TABLE  I 

Near  Resonancesof  SiO*  {q^L\  b^U-X'Z*)  and  Select  Na  and  K 
Atomic  Transitions  in  Energy  Transfer  Laser  Pumping** 


Upper 

Atomic 

SiO(r* 

.  tn 

a  -  X 

b 

-  X 

Atom 

Level 

Trans. 

AE(cm '  *)* 

Trans. 

AEfcm"  ')* 

Na 

^5/2  .  3/2 

— 

— 

(1.0) 

294 

(2.1) 

45 

Na 

(0,0) 

200 

(3.2) 

(2.2) 

-209 

177 

Na 

(1,4) 

180 

(3.3) 

(0.4) 

67 

-184 

Na 

(4,0) 

155 

(4.1) 

137 

Na 

4s~S^  2 

No  near  resonances 

K 

"^^^5/2.3/: 

(0,5) 

“25 

(2,7) 

60 

K 

^^,^^5/2.3  '2 

(0,3) 

-420 

(0.3) 

20 

K 

6j  ‘'Sf/2 

(0.5) 

~70 

K 

6^'^5/2.3/: 

- 

— 

(0,2) 

-286 

(4,5) 

40 

K 

7j^5, /2 

- 

- 

(3.4) 

(0.3) 

264 

-69 

"Listed  potential  resonances  for  potassium  are  meant  to  be  indicative  but 
not  exhaustive. 

‘-Molecular  level  energy-Alom  level  energy.  Positive  quantities  de¬ 
note  exothermic  energy  transfer. 


table  II 

Near  Resonances  of  GeO*  ia^L\  and  Select  Na  and  K 

Atomic  Transitions  in  Energy  Transfer  Laser  Pumping" 


Atom 

Upper 

Atomic 

Level 

GeO(t»' 

.  r") 

a 

-  X 

b 

-  X 

Trans. 

Affcm'*)^ 

Trans. 

Jl£(cm~')* 

Na 

(2,0) 

-367 

(0.3) 

-73 

(3,0) 

250 

Na 

4j-5|/j 

(0,2) 

130 

,  , 

Na 

6j^5|  /2 

— 

(6.0) 

-180 

Na 

5j  “Sx  /2 

— 

— 

(2,0) 

245 

Na 

— 

(3,0) 

-401 

(4.0) 

293 

K 

^■^5/2. 3/2 

(0,0) 

160 

_ 

(M) 

-195 

K 

54^Dj/2,3/j 

(4.0) 

-149 

(0,2) 

-123 

K 

fc  ■S./2 

(0,0) 

110 

K 

04^05/2.3/2 

— 

(2,2) 

-185 

K 

(4,0) 

-240 

(0,2) 

-110 

Listed  potential  resonances  are  meant  to  be  indicative  but  not  exhaus¬ 
tive. 

—  Molecular  level  energy — Atom  level  energy.  Positive  quantities  de¬ 
note  exothermic  energy  transfer. 


atomic  sodium  (and  potassium)  for  both  SiO  and  GeO 
metastables.  We  are  concerned  with  the  energy  transfer 
pumping  of  levels  which  are  not  accessed  through  strong 
electric  dipole  transitions  from  the  ground  state  of  the  al¬ 
kali  atom.  Applying  these  criteria,  we  summarize  the  na¬ 
ture  of  relevant  near  resonances  for  the  lowest  vibrational 
levels  of  the  and  ^>^11  states  in  Tables  I  and  II.  For 
the  SiO-Na  system.  Table  I  suggests  that  the  sodium  4d^D 
level  might  be  the  most  easily  pumped  followed  closely 
by  the  5j  S  level.  The  3d^D  and  6s^S  levels  appear  some* 
what  less  promising,  with  the  potential  resonances  in¬ 
volving  the  3d^D  level  and  the  lowest  6^11  vibrational  lev¬ 
els  being  more  favorable. 

Collisions  with  SiO  or  GeO  metasubles  [3]  are  used  to 
energy  transfer  pump  from  the  3j‘SNa  ground  state  (4j 
in  K)  to  the  4d^D  and  5s^S  levels  (5d^D  and  6s^S  in  K), 
forming  the  basis  for  amplification  on  the  (X 

*  569  nm)  and  5s^S-3p  P  (k  a  616  nm)  transitions.  In 
the  sodium  system  (Fig.  1(a)).  the  3p^P  terminal  laser 
level  is  the  short-lived  upper  level  of  the  Na  Z)-line.  The 
^P‘P-^s^S  transition  is  characterized  by  a  high  oscillator 
strength.  This  facilitates  rapid  loss  of  the  terminal  laser 
level  to  create  ground  state  sodium  atoms  which,  as  Figs. 

1  (a)  and  (b)  demonstrate,  are  again  amenable  to  near  res¬ 
onant  energy  transfer  pumping. 

While  the  5j  and  4d^D  levels  are  not  readily  accessed 
in  an  optically  pumped  transition.  Fig.  1(b)  demonstrates 
that,  using  SiO  metastables  formed  in  the  Si-N20  reac¬ 
tion,  we  have  successfully  energy  transfer  pumped  Na  at¬ 
oms  to  the  and  levels  where  they  subsequently  emit 
radiation  at  X  «  616  nm  and  569  nm  as  they  undergo 
transition  to  the  3p^P  levels.  The  energy  transfer  process 
which  pumps  these  sodium  atom  levels  appears  at  least  as 
efficient  as  that  observed  for  the  TI  system  [3— Figs.  4, 


Fig.  I .  fa)  Na  atom  energy  level  scheme  and  pumping  cycles  to  produce 
4d  D  and  5^  "5  excited  states,  (b)  Typical  energy  transfer  pumping  spec¬ 
trum  for  Na  and  5s‘S-3p~P  transitions  and  3p'P-3s'S  sodium 

D-linc  emission.  The  D-line  emission  results  both  from  direct  energy  trans¬ 
fer  pumping  from  ground  state  NaO  and  from  subsequent  fluorescence  fol¬ 
lowing  emission  to  the  3p^P  level,  (c)  Energy  transfer  pumping  spectrum 
corresponding  to  Na  3d'D-3p^P  transition. 


5].  The  observed  Na  atom  transitions,  originating  at  the 
Ad^D  and  5s^S  levels,  are  characterized  by  moderate  os¬ 
cillator  strengths.  The  accessed  Na  cycle,  with  its  50 
{Ad^D-3p^P)  [13]  to  -- 100  {5s^S-3p^P)  [14]  nanosecond 
upper  state  radiative  lifetimes  (vs.  Tl  ^5,/2  at  -  [15]). 

and  short-lived  terminal  laser  level,  would  appear  ideally 
suited  to  obtain  high  duty  cycle  laser  amplifiers  and  os¬ 
cillators.  In  fact,  we  find  that  these  transitions  demon¬ 
strate  continuous  gain.  Further,  as  indicated  in  Fig.  1(c), 
we  have  obtained  evidence  for  the  energy  transfer  pump 
of  the  Na  3d^D  level  with  which  is  associated  an  atomic 
emission  at  X  819  nm  ascribed  to  the  Na  3d^D-3p^P 
transition.  We  consider  a  range  of  measurements  on  the 
Si-SiO-Na  system  used  to  demonstrate  continuous  gain 
on  the  4d^D-3p^P,  5s^S-3p^P,  and  3d^D-3p-P  transi- 
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tions  at  X  *5  569,  X  616,  and  X  *  819  nm,  respec¬ 
tively,  and  present  evidence  for  continuous  oscillation  at 
X  «  569  nm.  Appropriate  spontaneous  emission  rates, 
degeneracy  factors,  and  energy  increments  for  the  tran¬ 
sitions  of  interest  are  summarized  in  Table  III. 

II.  Experimental 

A,  ** Creation  of  Reaction^Energy  Transfer-- 
Amplification  Zone 

The  reaction-energy  transfer-amplification  zone  de¬ 
picted  in  several  views  in  Fig.  2  has  been  constructed  to 
provide  a  versatile,  moderate  path  length,  amplification 
device.  The  apparatus  is  configured  such  that  the  Si(Ge)- 
SiO(GeO)  source  moves  vertically  and  the  Na(K)  source 
moves  horizontally  relative  to  the  amplification  zone.  The 
silicon  source  construction  which  provides  an  enveloping, 
focusing,  and  oxidizing  sheath  about  the  vaporizing  sili¬ 
con  metalloid  flux,  is  designed  to  concentrate  the  SiO 
metastable  concentration  in  the  vicinity  of  the  amplifica¬ 
tion  zone  [3],  [6].  With  the  silicon  source  temperature 
monitored  by  optical  pyrometry,  we  estimate  the  Si  atom 
concentration  in  the  amplification  zone  as  a  minimum  of 
10^^ /cc  for  all  studies  involving  gain  measurement.  The 
N2O  oxidant  concentration  exceeds  5  x  lO’^^/cc  and  the 
SiO  metastable  concentration  exceeds  10*^ /cc  based  on  a 
quantum  yield  exceeding  10%  [16]  for  the  spin  conserv- 
ing  Si(’P)  +  N2O  ('E^)  ^  SiO(a'E".  b^U)  + 
reaction  [3],  [6],  [8].  The  Si-SiO  flow  configuration  was 
operated  with  the  silicon  source  temperature  ranging  be¬ 
tween  1600  and  ISOO^C  with  the  majority  of  the  gain 
measurements  conducted  at  the  highest  temperatures.  The 
helium  or  argon  entraining  flow  rate  ranged  between  300 
and  450  mL/min,  and  the  N2O  flow  rate  ranged  between 
1  and  5  mL/min.  The  conditions  which  we  outline  are 
adjusted  to  produce  maximum  gain  in  a  given  experiment 
and  provide  the  longest  path  length  SiO  metastable  flame 
yet  realized. 

The  entrained  Si-SiO  flow  is  intersected  at  90° ,  in  sub¬ 
sonic  flow,  by  a  flux  of  sodium  atoms  which,  based  upon 
the  Na  source  temperature  and  the  measured  rate  of  ex¬ 
penditure  of  sodium  from  the  source,  exceeds  lO'®/ 
cm^-s  in  the  reaction  zone,  corresponding  to  a  density  of 
order  lO'^/cc.  The  concentration  of  Na  atoms  is  con¬ 
trolled  experimentally,  through  the  appropriate  choice  of 
oven  source  temperature  and  entrainment  flow,  to  provide 
maximum  gain  under  the  conditions  of  a  given  experi¬ 
ment.  To  provide  the  necessary  flux,  the  temperatures  of 
the  Na  source  oven  range  between  400  and  500°C  for  the 
reservoir  and  480-550 °C  for  the  entrainment  flow  chan¬ 
nel  (Fig.  2);  typical  helium  or  argon  entrainment  flow 
through  the  sodium  source  ranges  between  30  and  90 
mL/min.  The  entrained  Si  and  Na  flows  can  also  be 
moved  in  situ  relative  to  each  other  and  with  respect  to 
the  reaction-energy  transfer-amplification  zone  to  opti¬ 
mize  conditions  for  formation  of  the  gain  medium.  Typ¬ 
ically,  the  silicon  source  is  maintained  in  a  preset  station¬ 
ary  position  while  the  sodium  slit  source  is  moved  to  a 


position  elevated  so  as  to  provide  maximal  interaction  of 
the  intersecting  flows  at  the  focus  of  the  enveloped  SiO 
metastable  flame.  The  separation  of  the  two  sources  is 
usually  of  the  order  2  cm.  It  should  be  emphasized  that 
the  chemiluminescent  emission  from  the  Si/N20  “flame” 
is  negligible  in  the  510-630  nm  region  where  gain  mea¬ 
surements  (see  also  Fig.  5  following)  on  the  Na  4d^D- 
3/7-P  (X  »  569  nm)  and  5s^S-2p^P  (X  *  616  nm)  emis¬ 
sion  features  are  performed. 

The  mixing  zone  of  Fig.  2  is  greatly  stabilized  by  the 
moderate  sized  (15  cubic  feet)  ballast  separating  the  150 
cfm  pump  from  the  reaction  chamber  which  it  evacuates. 
Typical  measured  background  pressures  range  between  10 
and  30  mtorr  whereas  operating  pressures,  as  measured 
by  a  thermocouple  gauge  well  separated  from  the  reaction 
zone,  range  between  500  and  1200  mtorr.  Because  there 
is  a  substantial  pressure  gradient  between  the  reaction  zone 
and  the  position  of  the  monitoring  thermocouple,  the  re¬ 
corded  pressures  are  at  least  50%  lower  than  the  true  pres¬ 
sure  in  the  amplification  region.  In  order  to  protect  the 
cavity  windows  from  the  condensation  of  silicon  oxide  or 
sodium,  “self-flushing”  optical  windows  (17]  were  op¬ 
erated  with  a  protective  helium  flow. 

Using  the  described  configuration,  we  have  created  an 
amplification  zone  from  which  we  can  monitor  gain,  as  a 
function  of  slightly  varying  experimental  conditions,  on 
the  Na  Ad^D-3p^P  (X  *  569  nm),  5s^S-3p^P  (X  *  616 
nm)  and  3d^D-3p^P  (X  *  819  nm)  transitions. 

B.  Measurement  of  Optical  Gain  (Amplification } 

1)  Roll-Mentel  Configuration:  Gain  measurements 
have  been  carried  out  on  the  Si-SiO-Na  system  using 
three  different  experimental  configurations.  The  simplest 
of  these  measurements  was  performed  using  the  optical 
train  depicted  in  Fig.  3(a).  This  device  parallels  the  in¬ 
genious  design  of  Roll  and  Mentel  [18]  to  study  amplified 
spontaneous  emission  in  HeSe  lasers.  L  denotes  the  length 
of  the  gain  medium  created  upon  interaction  of  the  SiO 
and  the  Na  flows.  The  amplification  zone,  under  vacuum, 
is  surrounded  (Fig.  3(a))  by  two  AR-coated  windows  (CVI 
PW2037C)  or  two  Brewster  angle  windows  (CVI  W- 
B25SS)  connected  outside  the  self-flushing  optical  win¬ 
dow  denoted  in  the  previous  section. 

Several  flat  mirror  high  reflectors  were  employed  with 
the  Roll-Mental  optical  train,  ranging  in  reflectivity  from 
96  to  99.9%  and  varying  in  surface  coating  and  substrate. 
All  of  these  high  reflectors  yielded  closely  comparable  re¬ 
sults,  similar  to  those  in  Fig.  5,  when  employed  for  gain 
measurements.  The  output  from  the  surrounding  gain  me¬ 
dium  was  sent  through  a  Fourier  aperture  (pinhole)  and 
into  a  monochromator  using  lenses  1  and  2,  The  mono¬ 
chromator  allowed  separation  of  individual  emission  fea  ¬ 
tures.  Coarse  alignment  for  both  the  gain  configuration 
depicted  in  Fig.  3(a)  and  the  full  cavity  (oscillator)  con¬ 
figuration  depicted  in  Fig.  3(b)  was  accomplished  with  a 
HeNe  laser  positioned  as  in  Fig.  3(c)  —  15  feet  from  the 
gain  and  full  cavity  configurations.  After  alignment,  the 


HeNe  laser  is  no  longer  an  integral  part  of  the  system.  In 
other  words,  the  configurations  (Fig.  3)  operate  without 
light  sources  external  to  the  reaction-amplification  zone. 
Thus  these  configurations  are  to  be  distinguished  from  the 
sodium  lamp  and  ring  dye  laser  based  gain  measurements 
depicted  in  Fig.  4. 

2)  Sodium  Discharge  Lamp:  Using  a  sodium  dis¬ 
charge  lamp  and  the  configuration  depicted  in  Fig.  4(a), 
we  have  measured  gain  on  the  Na  4d^D-3p^P  transition 
at  569  nm.  The  enhancement  of  the  Na  4d^D-3p^P  emis¬ 
sion  line  (or  other  sodium  transitions)  is  evaluated  by  iso¬ 
lating  the  transition  of  interest  with  a  10-nm  bandpass  fil¬ 
ter.  The  lamp  light  output  brought  into  the  amplification 
zone  is  evaluated,  and,  if  necessary,  made  comparable  to 
the  chemiluminescent  intensity  using  neutral  density  fil¬ 
ters  positioned  between  the  bandpass  filter  and  lens  at  the 
beginning  of  the  optical  train. 

A  phase  sensitive  detection  mode  was  used.  The  output 
intensity  of  the  sodium  discharge  lamp  was  modulated  at 
a  frequency  of  700  Hz.  A  beam  splitter  directs  a  portion 
of  the  lamp  output  signal  to  a  photomultiplier  providing 
the  reference  signal  B.  The  remaining  light  is  collimated, 
sent  through  the  gain  medium  (amplification  zone),  and 
detected,  after  being  dispersed  by  the  monochromator. 
The  output  photomultiplier  attached  to  the  exit  slit  of  the 
monochromator  provides  the  signal  for  channel  A.  This 


ExperimenuJ  Amngement 

(b) 

Fig.  4.  (a)  Schematic  of  Na  lamp  based  gain  measurement  configuration. 
The  cross  sectional  area  of  the  sodium  lamp  output,  input  to  the  reaction- 
amplification  zone,  greatly  exceeds  that  of  the  gain  medium.  See  text  for 
discussion,  (b)  Schematic  of  ring  dye  laser  based  gain  measurement  con¬ 
figuration.  The  dye  laser  is  operated  single  mode  and  scans  the  frequency 
range  of  the  \  •  569  nm  Na  Ad^D-3p^P  transition  with  calibration  versus 
Sec  text  for  discussion. 


form  of  detection  serves  two  purposes  in  this  experiment. 
First,  it  allows  selective  monitoring  of  the  chemilumines¬ 
cent  intensity  during  the  period  of  the  experiment,  and 
second,  it  acts  as  a  band  pass  filter  peaked  at  the  laser 
transition  of  interest,  when  the  gain  measurement  is  made. 
The  A-B  signal  difference  is  sent  to  the  lockin  amplifier 
as  the  gain. 

Before  the  detection  of  gain  in  the  amplification  zone, 
it  is  necessary  to  calibrate  the  A-B  channel  by  evaluating 
the  chemiluminescent  signal.  After  optimizing  the  ampli¬ 
fication  zone  conditions  so  as  to  maximize  a  continuous 
chemiluminescent  signal,  the  oxidant  (N2O)  flow  is  cut  off 
and  the  A-B  lockin  signal  is  balanced  to  a  null  value, 
corresponding  to  the  complete  absence  of  a  chemilumi¬ 
nescent  flame.  Fora  typicjJ  run,  as  the  N2O  flow  is  turned 
on  and  off  producing  chemiluminescence,  we  record  the 
train  of  peaks  depicted  in  Fig.  6,  corresponding  to  a  con- 
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Sodium  Atomic  Emissions 
SiO-N*  Energy  Trensfer 


Fig.  5.  <a)  Single-pass  continuous  amplified  spontaneous  emission  (ASE) 
intensity  (/,)  measured  using  a  Spex  1  meter  spectrometer  and  RCA  4M0 
phototube  and  the  gain  configuration  depicted  in  Fig.  3(a)  for  the  Si-SiO- 
Na  system.  Spectral  resolution  is  1  nm.  Because  the  figure  is  uncorrceted 
for  photo-tube  response,  decreasing  from  510  to  630  nm,  or  grating  blaze 
(500  nm),  the  emission  associated  with  the  6j‘5-3p'P  transition  appears 
more  intense  than  that  associated  with  the  55 “S-3p*P  transition,  (b)  Double 
pass  continuous  amplified  sponuneous  emission  (ASE)  intensity  (A)  mw- 
sured  using  the  gain  configuration  depicted  in  Fig.  3(a)  for  the  Si-SiO-Na 
system.  The  Na  D-linc  intensity  is  comparable  to  that  in  Fig.  5(a).  The 
ratio  of  the  /./Z,  intensity  for  the  569-nm  Na  emission  feature  is  2.6/ 1  for 
this  individual  study  and  can  approach  3.8/1  under  optimal  conditions  for 
the  system.  Spectral  resolution  is  -  I  nm  (see  (a)). 


Sodium  Gain 


cussion. 


tinuous  gain  condition  during  the  p)eriod  in  which  oxidant 
is  supplied  to  the  amplification  zone. 

3)  Scanning  High  Resolution  Ring  Dye  Laser:  We 
have  also  used  a  cw  single  mode  ring  dye  laser  (Spectra 
Physics  380A)  to  perform  laser  gain  measurements  in  a 

*Wc  have  also  verified  that  the  channel  A  signal  will  not  increase 
strong  unchopped  light  is  sent  through  the  amplification  zone-reaction 
chamber. 


17573.373  cm  ‘ 


Gain  Profde  of  Chemically  Pumped  Sodium  Vapour 

Fig.  7.  (a)  Continuous  single-mode  ring  dye  laser  scan  i"  ‘hyeg^n  of  dje 
V  a  S69  nm  Na  4J^D-3p^P  transitions  indicating  a  -  1.5%  gam  at  me 
»y  conespo^^^^  to  the  transition  (Table  im^This 

r^resente  a  low^ bound  to  the  gain,  (b)  h  calibration  spectrum.  Sec  text 


fn*'  /licriiccinn. 


equency  scanning  (laser  with  calibration  vs.  iodine) 
lode  (Fig.  4(b)).  The  dye  laser  pumped  by  a  Spectra 
hysics  Model  171  Ar^  laser,  was  made  to  lase  continu- 
lusly  without  mode  hopping  over  the  time  scale  of  a  fre- 
luency  scan  in  the  region  about  569  nm  (using  a  mixture 
»f  R590  and  R560  Rhodamine  dyes).  The  behavior  of  the 
ingle  mode  ring  dye  laser  output  was  continuously  mon- 
tored  using  a  Spectra  Physics  Model  450-03  si^ctrum 
inalyzer.  The  absolute  frequency  was  first  crudely  cali- 
irated  using  a  monochromator  at  0.1  A  resolution  and 
hen  monitored  by  comparison  to  a  simuluneously  gen- 
jrated  high  resolution  /j  spectnim.  In  order  to  insure  sta¬ 
ble  ring  dye  laser  operation,  the  argon  laser  was  operated 
»t  a  power  of  6-7  W.  The  dye  laser  output  was  maintained 
at  -  200  mW  to  prevent  mode  hopping. 

Experiments  were  again  carried  out  in  an  AC  mode. 
After  splitting  a  portion  of  the  dye  laser  ou^ut  to  the 
spectram  analyzer  and  an  h  cell,  the  remaining  portion 
was  brought  over  a  30-ft  path  to  the  cavity  configuration 
where,  before  passing  through  the  amplification  zone  to 
the  monochromator,  the  power  level  was  further  reduced, 
using  neutral  density  filters,  to  a  level  comparable  to  the 
chemiluminescent  intensity  (still  niainuining  a  ^son- 
able  S /N).  To  further  reduce  the  noise  level,  the 
(Fig.  4(b))  used  in  these  experiments  was  operated  at  700 
Hz.  In  addition,  two  lockin  amplifiers  (Sunford  Re¬ 
search,  SR-510)  were  used  to  insure  a  proper  phase  lock 
for  both  the  reference  and  signal  channels.  Using  this  ex¬ 
perimental  configuration,  we  generate  and  calibrate  the 
laser  gain  spectrum  depicted  in  Fig.  7.  Here,  the  h  g 


2352 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS,  VOL.  29.  NO.  8,  AUGUST  1993 


TABLE  III 

Spontaneous  Emission  Rates,  Degeneracy  Factors,  and  Energy 
Increments  for  Na  5j*S-3p^F.  and 

Transitions" 


Transition 

Energy  (cm"'’) 

A  Value  (10’  sec'*’) 

gu 

ge 

Ad^D,n-ip%n 

17575.375 

1.2 

6 

4 

4d\D,n--ip‘P,n 

17575.41 

0.21 

4 

4 

17592.606 

1.03 

4 

2 

Si  S,n-3p-Pi, 2 

16227.317 

0.32 

2 

4 

5s-S,n-3p'P,,2 

16244.513 

0.26 

2 

2 

3d^D,n-V-Pin 

12199.476 

5.4 

6 

4 

3d-D„2-3plP,.: 

12199.525 

0.90 

4 

4 

3d^Dy/2-Sp‘P  1/2 

12216.721 

4.53 

4 

2 

"Data  from  Handbook  of  Chemistry  and  Physics,  64th  Ed. 
^Degeneracy  of  upper  level. 

^generacy  of  lower  level. 


olution  laser  gain  scan  indicates  gain  at  17575.375  cm 
corresponding  to  the  4</^Z>5/2-3p^P3/2  transition  (Table 

4)  Full  Cavity  Measurements:  Full  cavity  measure¬ 
ments  were  carried  out  using  the  optical  train  depicted  in 
Fig.  3(b).  In  effect,  we  replace  the  Roll-Mentel  gain  con¬ 
figuration  with  a  full  laser  cavity  operated  with  either  AR 
coated  or  Brewster  angle  windows  surrounding  the  am¬ 
plification  zone.  No  external  light  sources  are  used  in 
these  experiments.  We  have,  thus  far,  adopted  two  stable 
cavity  configurations,  both  employing  a  99.9%  high  re¬ 
flector,  one  with  4.5%  output  coupling  and  a  second  with 
0.2%  output  coupling.  In  the  first  configuration,  we  sur¬ 
round  the  ~  5  cm  medium  with  a  cavity,  44  cm  in  length 
and  operated  with  g,g2  ~  0.56.  With  this  cavity,  we 
achieve  results  which,  to  first  order,  demonstrate  the  po¬ 
tential  for  cavity  oscillation.  If  we  replace  the  4.5%  out¬ 
put  coupler,  which  represents  a  substantial  cavity  loss  ele¬ 
ment,  with  a  0.2%  output  coupler  and  operate  under  near, 
optimum  reactive  flow  conditions  with  gig2  ~~  0.82,  we 
obtain  the  results  depicted  in  Fig.  8. 

III.  Results  and  Discussion 
A.  Gain  Measurements 

A  readily  reproducible  result  obtained  using  the  Roll- 
Mentel  configuration  (Fig.  3(a))  for  continuous  gain  mea¬ 
surements  is  depicted  in  Fig.  5.  The  gain  coefficient  can 
be  calculated  from  the  data  in  Fig.  5  and  the  relationship 

a  =  In  ((/2  -  /,)//,/?r^)/L.  (2) 

Here,  L  is  the  effective  gain  medium  length  (medium  is 
not  necessarily  uniform),  R  is  the  mirror  reflectivity,  and 
T  is  the  transmission  of  the  amplification  zone  vacuum 
chamber  window  in  front  of  the  mirror  (Fig,  3(a)).  /|  is 
the  measured  (spectrometer)  light  intensity  from  the  gain 
medium  with  the  shutter  placed  in  front  of  the  high  re¬ 
flector  in  Fig.  3(a).  Light  of  intensity,  /|,  which  impinges 

^Based  upon  the  data  given  in  Table  III,  the  Na  Ad^D^/i-'ip^Py/i  tran¬ 
sition  should  represent  the  most  favorable  to  achieve  gain  and  oscillation. 
The  Ad^Di/i  level  emits  dominantly  to  Bp'Fy/j  whereas  the  Ad^D^/i  level 
depletes  its  population  to  both  the  3p^?,/2  and  3p^Pi/2  levels.  Considera¬ 
tion  of  collisional  relaxation  among  the  ip~P  levels  would  also  suggest  that 
the  collisionally  depleted  2p^Py/2  level  is  favored  as  the  lower  laser  level. 


Resonant  Cavity 


Fig.  8.  Full  cavity  output  created  with  —0.2%  output  coupling  for  the 
continuous  Si-SiO(Si-N20)-Na  amplifier  at  X  •  569  nm.  These  measure¬ 
ments  were  taken  in  continuous  flow  with  the  cavity  configuration  depicted 
in  Fig.  4(b).  The  full  cavity  output  is  compared  to  that  obtained  with  both 
a  blocked  high  reflector  and  with  the  entire  cavity  isolated  from  the  signal 
detection  system.  The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtained  with  a  blocked  high  reflector  exceeds  10^  / 1 . 

on  the  detector  after  passing  through  some  portion  of  the 
gain  medium  is  associated  with  a  single  pass  ASE  inten¬ 
sity.  With  the  high  reflector  open  to  and  aligned  with  the 
gain  medium,  we  measure  light  of  intensity,  Iz,  which  is 
contributed  to  by  (1)  light  passing  directly  through  the 
gain  medium  to  the  detector  (/|)  and  (2)  light  reflected 
back  through  the  amplification  zone  from  the  high  reflec¬ 
tor.  We  refer  to  Iz  as  the  double  pass  ASE  intensity.  Thus, 
in  Eq.  (2),  we  compare  the  intensity  difference  (Iz  —  /|) 
to  /i  correcting  for  the  reflectivity  and  transmissivity. 

The  stark  change  in  the  relative  intensities  of  the  569 
nm  Na  4d^D-3p^P  and  Na  D-line  emissions  for  the  single 
and  double  pass  ASE  output  is  quite  evident  in  Fig.  5. 
The  two  spectra  shown  in  Fig.  5  are  taken  under  condi¬ 
tions  optimized  to  the  pumping  of  theAd^D  level  such  that 
the  569  nm  transition  shows  noticeable  positive  gain.  The 
ratio  of  the  double  to  single  pass  intensity  for  the  569  nm 
feanire  depicted  is  2.6  / 1 .  This  corresponds  to  a  gain  coef¬ 
ficient,  a  ~  0.11  /cm  (Eq.  (2)).  Because  of  the  relatively 
long  time  interval  needed  to  scan  a  spectrum,  the  gain 
determined  on  the  basis  of  successive  scans,  as  depicted 
in  Fig.  5,  is  by  no  means  an  optimal  value.  More  reliable 
gains  are  determined  when  ody  one  transition  is  moni¬ 
tored  and  the  shutter  in  front  of  the  total  reflector  is  quickly 
closed.  Under  optimal  operating  conditions,  using  a  1" 
diameter  99.9%  high  reflector,  we  have  achieved  ampli¬ 
fication  such  that  the  ratio  of  light  output  when  the  rear 
high  reflector  is  accessed  to  that  when  the  rear  high  re¬ 
flector  is  blocked  ranges  from  3.4  to  3.8  (o  -  0.16- 
0.23 /cm).  This  is  a  ratio  which  demonstrates  clear  gain. 
It  should  be  compared  with  the  measured  ratio  for  a  purely 
fluorescent  feature  (Na  D-Iine  and  higher  lying  excited 
state  Na  transitions)  which  is  usually  between  1.1  and  1.2 
for  the  Na  D-Iine,  and  corresponds  to  1.6  for  the  5s^S- 
3p^P  transition  whose  emission  is  depicted  in  Fig.  5.  The 
theoretical  maximum  value  for  the  ratio  associated  with 
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pure  fluorescence,  based  on  a  lossless  single  reflection,  is 
2.  When  the  experimental  conditions  are  not  favorable  for 
formation  of  the  gain  medium,  we  And  significant  losses 
for  the  reflected  light  (a  negative  in  (2))  employing  the 
same  methods  we  have  used  to  demonstrate  the  gain  in 
Fig.  5. 

The  Na  atom  transitions  at  \  •  569  nm  (a  —  0.1- 
0.15),  X  »  616  nm  (a  -  0.03-0.05 /cm),  and  X  *  819 
nm  (a  ~  0.02-0.03 /cm)  have  all  been  shown  to  demon¬ 
strate  gain.  The  a  values  given  in  parentheses  are  meant 
to  represent  typical  values  determined  from  (2)  using  L  = 

5  cm. 

Using  the  Na  discharge  lamp  based  optical  configura¬ 
tion  (Fig.  4(a)),  we  record  the  train  of  peaks  depicted  in 
Fig.  6.  These  peaks  correlate  precisely  with  the  introduc¬ 
tion  of  the  oxi^nt  NjO  into  the  reaction-energy  transfer- 
amplification  zone  to  produce  a  continuous  gain  condi¬ 
tion.  The  percent  gain  indicated  by  these  peak  signals  is 
calibrated  using  a  glass  filter  inserted  into  the  signal  chan¬ 
nel  so  as  to  produce  a  known  loss  peak  ( ~  8%  in  Fig.  6). 
Under  the  experimental  conditions  associated  with  Fig.  6, 
the  typical  gain  is  close  to  3.6%.  Calibrated  gains  through 
the  amplification  zone  in  excess  of  5%  can  be  achieved. 
Preliminary  measurements  at  616  nm  indicate  gains  on 
the  order  of  1 .2 1.5%. 

Our  measured  gains  using  the  lamp  based  optical  con¬ 
figuration  are  believed  to  represent  lower  bounds  to  the 
true  values  due  to  the  significant  radial  extent  (cross  sec¬ 
tional  area)  of  the  lamp  output  which  intersects  a  much 
smaller  mixing  zone  and  gain  medium.  When  the  569-nm 
light  exiting  the  gain  medium  is  focused  onto  the  entrance 
slit  of  the  monochromator,  the  measured  gain  is  diluted 
by  the  mismatch  in  cross  sectional  area  as  not  only  the 
gain  zone  but  also  regions  of  negligible  gain  and  even 
absorption  (pumping  of  3p^P  level)  are  monitored. 

The  signal  we  record  upon  scanning  a  ring  dye  laser 
through  the  region  encompassing  569  nm  is  depicted  in 
Fig.  7.  The  signal  corresponds  to  a  gain  in  excess  of  1 .5  % 
for  the  Ad^Di/2-3p^P-i /2  transition.  This  percent  laser  gain 
again  represents  a  lower  bound  determination  of  the  sin¬ 
gle  pass  amplification  for  (1)  the  bandwidth  of  the  ring 
dye  laser  (effective  linewidth  --40  MHz)  is  considerably 
smaller  than  the  width  of  the  569  nm  Na  4d^D-3p^P  stim¬ 
ulated  emission  gain  profile  (  —  2  GHz)  [19]  and  (2)  the 
precise  overlap  of  the  sharply  defined  laser  output  beam 
and  the  amplification  zone  is  certainly  unlikely.  Because 
of  the  inherently  narrow  bandwidth  of  the  ring  dye  laser, 
we  select  a  narrow  velocity  group  within  the  gain  profile 
velocity  distribution.  This  excludes  the  remainder  of  at¬ 
oms  throughout  the  profile.  In  order  to  compare  the  gain 
levels  measured  in  this  experiment  with  those  for  the  Roll- 
Mentel  and  lamp  configurations,  we  must  integrate  over 
the  gain  profile  uking  into  account  the  bandwidth  of  the 
probe  laser.  This  correction  will,  of  course,  lead  to  the 
evaluation  of  a  higher  single-pass  gain. 

Taken  as  a  whole,  the  importance  of  the  three  distinct 
gain  measurements,  is  that  they  clearly  demonstrate  the 
formation  of  an  energy  transfer  pumped  sodium  atom  laser 


amplifier.  The  magnitude  of  the  gain  is  probably  best  rep¬ 
resented  by  the  results  obtained  with  the  Roll-Mentel 
configuration.  However,  these  determined  gain  values 
correspond  to  that  of  a  single  pass  configuration.  The  ef¬ 
fective  threshold  gain  in  an  oscillating  full  cavity,  influ¬ 
enced  both  by  the  increased  rate  of  loss  of  the  population 
inversion  due  to  the  stimulated  emission  process  and  by 
the  nature  of  reactant  mixing  and  energy  transfer  in  the 
amplification  zone,  will  be  notably  smaller. 

B.  Full  Cavity  Measurements — The  Indication  of 
Oscillation 

We  have  obtained  results  with  4.5%  and  0.2%  output 
coupled  cavities  which  suggest  the  onset  of  full  cavity 
amplification  and  oscillation. 

In  the  first  set  of  experiments,  using  a  4.5+  %  output 
coupler  and  99.9%  high  reflector  we  compare  the  output 
for  the  full  cavity  versus  that  with  the  high  reflector 
blocked.  Upon  tuning  the  output  coupler  and  high  reflec¬ 
tor,  after  adjusting  the  mixing  Si,  N2O,  and  Na  flows,  we 
achieve  conditions,  at  low  to  moderate  sodium  flux  (cone, 
estimated  to  be  -  lO'^/cc  in  the  reaction  zone),  such  that 
the  ratio  of  the  full  cavity  output  to  single  pass  amplifi¬ 
cation  is  between  20  and  25/1  in  a  steady  state  mode. 
Walking  the  cavity  mirrors  (angle  tuning)  destroys  the 
amplification.  Upon  realignment,  similar  increases  in  in¬ 
tensity  at  the  steady  state  value  are  again  observed.  We 
emphasize  that  these  results  are  sharply  dependent  on  the 
angle  tuning  of  the  cavity.  By  comparison,  if  we  monitor 
the  reaction-amplification  zone  configuration  of  Fig.  2 
when  only  a  fluorescent  medium  associated  with  the 
4d^D-3p^P  Na  transition  is  formed,  as  evidenced  by  gain 
measurements  at  569  nm  and  at  the  Na  D-line,  or  when 
we  are  below  threshold  despite  some  stimulated  emission 
in  the  cavity,  we  find  a  typical  steady  state  enhancement 
between  1.2  and  1.4. 

The  4.5%  output  coupler  provides  a  substantial  loss 
element  in  the  cavity.  If  we  replace  this  output  coupler 
with  a  0.2%  output  coupler  and  operate  the  system  under 
near  optimum  reactive  flow  conditions  in  a  stable  cavity 
configuration  with  g\g2  0.82,  we  find  that  the  ratio  of 
the  output  for  full  cavity  operation  to  that  obtained  with 
a  blocked  high  reflector  (Fig.  8)  exceeds  10\  Compare 
also  the  signal  level  observed  with  the  blocked  high  re¬ 
flector  and  that  monitored  with  a  completely  blocked  de¬ 
tector.  This  result  clearly  indicates  continuous  full  cavity 
laser  oscillation  in  the  SiO-sodium  system. 

If  we  operate  the  0.2%  output  coupled  cavity  below 
threshold,  monitoring  a  purely  fluorescent  process,  the  ra¬ 
tio  of  full  cavity  to  single  pass  output  (blocked  high  re¬ 
flector)  is  found  to  be  slightly  greater  than  1 .8  for  the  Na 
D-linc  (3p^P-3s^S).  This  value  should  be  compared  to  a 
maximum  of  1 .2  for  the  much  more  lossy  4.5  +  %  output 
coupled  device.  In  fact,  a  maximum  (full  cavity /blocked 
reflector)  ratio  of  order  1.9-1.95  is  typical  for  all  those 
wavelengths  considered  (X  =  569,  616,  Na  D-line)  when 
conditions  in  the  reaction-amplification  zone  are  such  that 
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no  gain  is  monitored.  We  have  also  observed  intermediate 
behavior  associated  with  the  establishment  of  moderate 
but  not  optimal  gain  conditions.^  Finally,  we  find  that  the 
ratio  of  the  output  power  for  the  4.5%  output  coupled 
configuration  to  that  for  the  0.2%  output  coupled  config¬ 
uration  is  only  1.9/1.  When  compared  to  the  output  cou¬ 
pling  ratio  of  22.5,  this  result  clearly  supports  the  pres¬ 
ence  of  a  stimulated  emission  process.  These  findings  in 
concert  with  the  observed  lOr  enhancement  monitored 
under  near  optimum  reactive  flow  conditions  signal  the 
characteristic  operation  of  a  full  oscillating  cavity. 

The  current  results  are  exciting  not  only  because  they 
demonstrate  lasing  action  in  the  visible  region  but  also 
because  they  can  be  substantially  enhanced  with  several 
improvements  in  the  manner  in  which  the  lasing  medium 
is  created  and  the  laser  output  is  extracted  from  the  cavity. 
It  remains  to  increase  both  the  rate  limiting  silicon  and 
sodium  atom  concentrations  in  the  reaction  zone  while 
maintaining  atomization.  This  increase  may  lead  to  a  lev¬ 
eling  off  and  eventual  loss  of  the  gain  condition  if  self- 
absorption  on  the  Na  D-line  transitions  becomes  a  domi¬ 
nant  factor  or  SiO  triplet  self-quenching  begins  to  play  a 
deleterious  role.  Evidence  is  obtained  for  some  self-ab¬ 
sorption  at  high  sodium  concentration  when  the  alkali 
atom  production  dominates  the  concomitant  SiO  metasta¬ 
ble  production. 

With  our  sodium  atom  source  operated,  in  the  absence 
of  interacting  silicon  or  N2O,  at  the  temperatures  which 
we  have  employed  to  produce  the  highest  flux  densities  in 
the  amplification  zone,  we  have  measured  the  attenuation 
of  the  Na  D-line  emission  from  the  sodium  discharge 
lamp.  We  find  an  attenuation  which  is  less  than  50%.  In 
combination  with  the  cross  section  for  self-absorption,  4 
X  10~'^  cm’,  as  measured  by  Ermin  et  al.,  [20]  this  sug¬ 
gests  a  sodium  atom  concentration  close  to  that  estimated 
previously.  Of  course,  in  the  presence  of  N2O  and  silicon 
reactants,  the  attenuation  due  to  self  absorption,  while 
evidenced,  is  considerably  diminished  (~5-10%).  Al¬ 
though  concern  with  the  possible  deleterious  effect  which 
a  pumping  of  the  Na  D-line  might  have  on  transitions  ter¬ 
minating  in  the  3p‘P  level  is  somewhat  alleviated,  in  the 
present  system,  by  the  sodium  discharge  experiment  of 
Tribilov  and  Shukhtin  [21],  and  the  0.0 1-s  duration  laser 
pulse  for  the  Na  4s^S-3p^P  infrared  transition  observed 
by  Mishakov  and  Tkachenko  [22]  as  quasicontinuous  las¬ 
ing,  it  must  eventually  limit  the  size  of  the  laser  system. 

The  90°  intersection  of  the  SiO  metastable  and  Na  atom 
flows  can  be  used  to  clearly  establish  a  continuous  lasing 
action;  however  this  is  by  no  means  the  ideal  mixing  con¬ 
figuration.  With  the  installation  of  a  concentrically  based 
SiO-Na  interaction-energy  transfer  mixing  configuration, 
we  can  anticipate  a  further  improvement  in  the  cavity  out¬ 
put. 

The  experiments  conducted  thus  far  have  made  use  of 
only  two  distinct  output  coupling  configurations.  As  well 
as  improving  reactant  concentrations,  the  optimum  output 

^Ratios  ranging  from  40/1  to  100/1  have  been  routinely  measured. 


coupling  for  the  current  cavity  remains  to  be  evaluated 
[23].  Finally,  we  are  constructing  a  modification  which 
will  allow  removal  of  the  cavity  windows  that  represent 
significant  loss  elements.  With  these  improvements,  the 
output  from  our  full  cavity  configuration  should  be  sub¬ 
stantially  enhanced. 

IV.  Conclusion  and  Extension 

We  have  demonstrated  continuous  lasing  action  in  the 
visible  region  using  the  near  resonant  energy  transfer 
pumping  of  an  atomic  receptor  with  a  high  propensity  to 
lasing  action.  Not  only  can  the  present  cavity  configura¬ 
tion  be  enhanced  but  also  the  generic  nature  of  the  concept 
is  demonstrable. 

While  our  emphasis  has  been  on  the  sodium  system  and 
the  results  presented  involve  a  metastable  SiO  pump,  it  is 
also  feasible  to  use  GeO  metastables  for  energy  transfer 
pumping  (Table  II).  In  fact,  we  have  obtained  evidence 
that  the  energy  transfer  pumping  of  the  sodium  analog  i»- 
tassium  based  amplifiers  associated  with  the  5d^D-4p  P 
(X  «  581,  583  nm).  4d^D-4p^P  (X  *  694,  697  nm),  and 
fiS^S-Ap^P  (X  *  691,  694  nm)  potassium  atom  transitions 
might  best  be  accomplished  by  GeO  metastables.  Finally, 
we  have  also  extended  the  concept  to  the  successful  en¬ 
ergy  transfer  pumping  of  potential  amplifying  transitions 
in  lead  (Pb),  copper  (Cu),  and  tin  (Sn)  receptor  atoms. 
These  systems  will  be  the  subject  of  future  study  in  our 
laboratory. 
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ABSmCT 

Using  the  highly  efficient  and  selective 
formation  of  sodium  dimer  excited  states  from  the 
sodium  trimer-halogen  atom  Na3-X(F,Cl,Br,I) 
reactions  and  extrapolated  analog  systems,  we  seek 
to  develop  visible  and  ultraviolet  lasers  based  on 
the  successful  production  of  visible  chemical  laser 
amplifiers.  The  Na3-X(Cl,Br,I)  reactions  have  been 
shown  to  create  a  continuous  electronic  population 
inversion  based  on  the  chemical  pumping  of  sodium 
dimer  (Na2)*  Optical  gain  through  stimulated 
emission  has  been  demonstrated  in  the  regions 
close  to  527,  492,  and  460  nm.  These  observations 
are  in  close  analog  to  optically  pumped  alkali 
dimer  lasers.  A  model  which  envokes  the 
vibrational  and  rotational  selectivity  inherent  to 
a  dissociative  ionic  recombination  process  (Na3*^ 

X“  Na2  +  NaX),  correlated  with  the  coupling 
between  select  sodium  dimer  excited  states, 
provides  a  semiquantitative  explanation  of  the 
observed  trends.  An  analysis  of  the  system 
suggests  that  the  monitored  gain  (max  of  3.8Z  at 
*  527  nm  corres.  to  a  »  8  x  l0*^/c«  for  an 
individual  rovibronic  level)  can  be  enhanced 
considerably  with  a  more  versatile  source 
configuration.  The  considered  amplifiers  are 
therefore  being  optimized  with  a  focus  to 
increasing  amplifier  gain  length  and  amplifying 
medium  concentration.  A  device  has  been 
constructed  to  allow  the  ready  movement  of  extended 
length  alkali  trimer  and  halogen  atom  slit  sources 
relative  to  each  other  so  as  to  create  interacting 
alkali  and  halogen  atom  sheaths.  The  controlled 
Intersection  of  these  sheaths  can  form  an  extended 
reaction  -  amplification  zone.  This  extended  gain 
zone  is  required  to  facilitate  the  conversion  of 
the  created  amplifiers  to  visible  chemical  laser 
oscillators.  We  report  results  obtained  with  this 
up*scaled  device,  where  the  alkali  metal  is 
expanded  in  both  pure  and  seeded  supersonic 
expansion.  We  report  progress  in  extending  the  Na3 
-  X  amplifier  concept  to  the  study  of  the  Na3  *  F 
and  Li3  -  X  alkali  trimer -halogen  atom  based 
reactions,  the  potential  excimer  forming  M3 
(M-Mg,Ca,Sr,Ba.  and  Hn)  -  X(r,Cl)  ^  M2  +  MX 
reactions,  and  the  correlated  formation  of  Group 
IIA  dihalide  excited  states  from  M  >  X2  reactive 
encounters • 

DmaopuCTiOM 

**A  Highly  Ifficiant  and  Selective  Ilmctroo-J«p- 
Barpoom  Process'* 

The  collision  dynamics  of  processes  proceeding 
on  electronically  excited  surfaces  is  fundamental 
to  the  attainment  of  population  inversions  based  on 
electronic  transitions  in  the  visible  spectral 
region. A  particular  subgroup  of  these 
electronic  energy  transfer  processes  involves  metal 
atoms  or  molecules  of  low  ionization  potential. 


These  species  react  very  efficiently  with  atoms  or 
molecules  of  significant  electron  affinity  via  what 
is  termed  the  electron  jump-harpoon  process.  It  is 
this  process,  specifically  involving  the  reaction 
of  metal  trimers  and  forming  the  product  metal 
dimer  and  metal  halide,  that  may  represent  one  of 
the  few  direct  chemical  routes  to  produce  elec¬ 
tronically  inverted  products.  The  alkali  trimer 
molecule,  Na3,  readily  provides  an  electron  to 
harpoon  a  hungry  halogen  atom,  X,  producing  a 
switch  from  the  interaction  of  two  neutral  species 
to  that  of  two  ions  (Na3***  +*  X’).  The  convergence, 
crossing,  and  interaction  of  the  two  potentials 
describing  the  neutral  (covalent)  and  ionic 
(coulofflbic)  constituencies  allows  an  effective 
switch  of  the  reactants  (curve  crossing).  For  Na3, 
with  its  low  ionization  potential,  the  curve  cross¬ 
ing  occurs  at  very  long  range  (>  lOk)  leading  to  a 
high  cross  section  for  product  Na2  formation. 

Based  upon  the  experimental  results  obtained  thus- 
far  in  our  laboratory,  the  sodium  trimer  reactions 
show  not  only  vibrational  but  also  rotational 
selectivity  as  they  create  electronic  population 
inversions  in  the  product  Na2.  Theoretical 
considerations  would  suggest  that  these  trimer 
reactions  and  their  analogs  represent  key  pro¬ 
cesses  to  yield  electronically  inverted  products 
in  direct  chemical  reaction. 

Cootinuoue  Chemical  Laser  Amplifiers  in  the  Visible 
Region  Based  on  Highly  Efficient  and  Selective 
Chemical  Reaction 


The  Na3  -  X  reactions  form  an  unusual  class  of 
reactive  encounters.  The  optical  signatures  for 

the  processes 

N«3  +  Cl.Br.I  N*2*  +  N«X  (X  -  Cl.Br.I) 

encompass  emission  from  a  limited  group  of  low- 
lying  Na2  excited  states.^  The  observed  dimer 
emission  is  characterized  by  sharply  defined 
emission  regions^  (Fig.  1)  superimposed  on  a  much 
weaker  Na^  background  fluorescence.  The  sharp 
emission  textures  cannot  be  explained  by  invoking  a 
purely  fluorescent  process,  and  resemble  in  their 
behavior  characteristics  similar  to  those  of 
optically  pumped  Na2  laser  systems.  In  the 

visible  spectral  region,  these  features  grow  at  a 
near  exponential  rate  with  increasing  Na3  concen¬ 
tration,  relative  to  the  Na2  backgro\ind  spectrum, 
suggesting  the  possibility  that  stimulated  emission 
might  be  associated  with  certain  of  the  emitting 
Na2  reaction  products.  Laser  gain  measurements 
carried  out  to  assess  this  possibility  throughout 
the  visible  region  reveal  optical  gain  through 
stimulated  emission  and  the  creation  of  population 
inversions  on  these  select  Na2  electronic 
transitions. 

Measurements  at  0.5  cm*^  resolution  suggest 
amplification  in  regions  close  to  527  nm  (IZ  gain), 
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492  na  (0.3Z  gain)  and  460.5  na  (0.8Z  gain)» 
corrtlating  pracisaly  with  tha  raactiva  procaaa  and 
tha  ralativa  intanaitlaa  of  thosa  faaturas  obaarvad 
whilt  aonitoring  tha  light  aaittad  froa  tha  Na3*Br 
raaction  (Fig.  I).  High  rasolution  ring  dya  laser 
scans  in  tha  527  na  ragion  indicata  that  tha  gain 
for  the  systea  is  a  alniaua  of  3.8Z  for  the 
dominant  rovibronic  transition  in  this  region  with 
approximately  four  to  seven  individual  rotational 
transitions  showing  gain,  kt  459.8  na.  we  also 
have  measured  a  2.3Z  gain  for  an  individual 
rotational  transition.  These  results  demonstrate 
the  continuous  amplifying  aediua  for  a  visible 
chemical  laser  in  at  least  three  wavelength 
regions. At  no  other  scanned  wavelengths  do  wa 
find  any  indication  of  gain  as  wa  monitor  tha 
entire  wavelength  ragion  from  420  to  600  nm.  We 
have  generally  observed  slight  losses  of  tha  laser 
photon  flux  resulting  prisMrily  from  scattering, 
and,  to  a  much  smaller  extent,  absorption  upon 
transmission  through  the  Na3  *  Br  reaction  zone. 

In  the  region  of  the  sodium  0-line,  we  monitor  a 
substantial  absorption  and  loss  as  a  function  of 
the  trimer- halogen  atom  reaction. 

As  we  have  suggested  in  our  initial  comments, 
the  Na3-halogen  atom  reactions  are  thought  to 
proceed  via  an  electron  jump  mechanism  with 
extremely  high  cross  sections.'  producing  sub¬ 
stantial  Na2  excited  state  populations.  The 
question  of  why  the  Na3-X  reactions  appear  to 
demonstrate  vibrational  and  rotational  selectivity 
in  certain  wavelength  regions  may  be  explained  by 
Invoking  a  model  for  the  dissociative  ionic 
recombination.  Ka3*^  4-  X“  -►  Na2  +  NaX,  and  the  curve 
crossings  which  influence  the  distribution  of 
product  molecules  for  this  process.^  Such  a  model, 
coupled  with  an  analysis  of  the  electronic  coupling 
between  select  sodium  dimer  excited  states.^ 
appears  to  provide  a  semiquant i tat ive  explanation 
of  the  observed  population  inversions. 

Once  created,  the  monitored  population 
inversions  are  thought  to  be  maintained  in  a 
continuously  amplifying  system  (1)  by  the  large 
number  of  free  halogen  atoms  reacting  with  the  Na2 
molecules  in  those  ground  state  levels  on  which  the 
transitions  emanating  from  the  Na2  excited  states 
terminate  and  (2)  by  collisional  relaxation  of  the 
ground  state  sodium  dimer  molecules.  The  cross 
section  for  reaction  of  vibrationally  excited 
ground  state  Na2  is  expected  to  be  quite  sub¬ 
stantial  relative  to  the  cross  section  for 
collision  induced  vibrational  deactivation  of  the 
Na2  manifold.  Ixtremely  efficient  reactions  are 
thought  to  greatly  assist  the  depletion  of  the 
lover  state  levels  in  this  system  allowing  one  to 
sustain  a  continuous  population  inversion.  Our 
major  efforts  thusfar  have  foctised  on  the  Na2  B-X 
spectral  region  and  the  potential  development  of 
laser  oscillators  at  wavelengths  in  the  vicinity 
of  527  and  460  nm.  In  order  to  approach  these 
studies,  we  have  been  developing  the  means  to 
create  a  considerably  longer  path  length 
amplification  region. 

Dmvmlopmamt  of  an  Ixtemded  fmth  Lanctb  ^03  -  X 
(Cl.Br.I)  Bmection  -  Ai^illfleatlon  Zone 

It  is  necessary  to  improve  the  magnitxide  of 
the  amplification  determined  previously  for  the 
sodium  dimer  amplifiers  at  527.  ^  492,  and 


\  460  nm.  In  these  previous  experiments  we 
have  obtained  a  substantial  Na3  concentration 
(i  10^^/cc)  in  a  limited  reaction-amplification 
zone.  In  order  to  demonstrate  continuous 
chemical  laser  oscillation,  however,  it  is 
desireable  to  create  this  enhanced  sodium  trimer  - 
halogen  atom  reaction  zone  over  an  extended 
amplification  zone  path  length.  The  overall 
apparatus  design  depicted  in  Figures  2  and  3  is 
meant  to  accomodate  high  intersecting  reactant 
flows  from  both  sodium  trimer  and  (dual  rotatable) 
halogen  atom  sources  in  order  to  produce  a 
considerably  enhanced  concentration  of  Na2 
amplifiers  over  an  extended  path  length.  This 
system  attempts  to  increase  the  Ka3  reaction  - 
amplification  zone  concentration  by  repositioning 
the  trimer  and  halogen  atom  sources  relative  to 
each  other^*^  and  facilitating  the  halogenation 
process  much  closer  to  the  alkali  source  nozzle 
itself,  in  a  gas  dynamic  configuration.  We 
incorporate  the  facility  for  the  in-situ  adjustment 
of  the  alkali  and  halogen  source  positions. 

In  order  to  increase  the  reaction  zone  and 
gain  length,  we  are  testing  a  continuous  flow  slit 
source  technology  to  create  at  least  a  5  cm  long 
amplification  zone.  Here,  a  small  circular 
’*p inhole'*  nozzle  used  in  previous  experiments^*^  is 
now  replaced  by  a  slit  approximately  lOOu  in  width 
by  2  1/2'*  in  length.  Two  slit  configurations  have 
been  employed  to  accomplish  this  goal.  The  design 
used  initially,  depicted  in  Figure  3(a).  of  0.003" 
width,  was  fabricated  from  316  stainless  steel 
using  an  EDH  (electric  discharge  machining) 
process.  These  slits  were  not  sufficiently 
resistive  to  the  corrosive  effects  of  the  system 
reactants  (primarily  sodium)  and  quickly  widened  to 
0.020**  (%  2  runs).  An  isiproved  slit  nozzle 
constructed  from  molybdenum  (Fig.  3(b))  has  proven 
considerably  more  resistant,  widening  from  0.003  to 
0.006"  after  six  experimental  runs. 

In  order  to  produce  a  more  efficient  cooling 
in  the  alkali  expansion  it  is  desireable  to  operate 
with  narrower  slits  which  exhibit  a  minimal 
interaction  with  the  expanding  alkali  vapor. 

Figures  3(c)-(e).  in  combination,  outline  a  more 
successful  design.  As  depicted  in  Figs.  3(c)  and 
3(d).  the  nozzle  consists  of  two  pieces.  Two 
sheets  of  0.005"  tantalum  are  prepared  and  mounted 
on  the  back  portion  of  the  nozzle  (Fig.  3(d))  as 
they  are  positioned  to  form  the  slit.  The  front  of 
the  nozzle,  with  a  mildly  diverging  section,  fits 
over  the  back  portion  of  the  device,  tightly 
sandwiching  the  tantalum  sheets  and  thus  forming 
the  actual  slit  (Fig.  3(e)).  These  tantalum  sheets 
can  be  positioned  under  a  Vickers  microscope  to 
produce  a  slit  less  than  0.003"  in  width.  These 
widths  are  precisely  adjusted  and  determined  using 
single  slit  diffraction  techniques. 

The  overall  alkali  source  design  pictured  in 
Fig.  2(a)  in  side  and  partial  frontal  view 
corresponds  to  a  full  seeded  configuration  where 
helium  or  argon  can  be  passed  through  the  rear  gas 
source  assembly,  flowing  over  molten  sodium.  The 
mixture  is  subsequently  expanded  through  the 
frontal  nozzle  slit  configuration.  In  a  pure 
sodium  supersonic  expansion,  the  Na3  constituency 
is  dominated  bv  a  much  larger  atom  and  cold  dimer 
concentration.®  The  expanded  dimer  will  not 
interfere  at  the  Na2  amplifier  wavelengths 


characteristic  of  the  Na3-haIogen  atoei  reaction 
systems,  however*  it  is  desireable  to  minimize  the 
atom  and  dimer  while  increasing  the  triaer 
concentration.  The  trimer  concentration  can  be 
altered  and  improved  by  seeding  the  expansion  with 
helium,  argon,  or  other  noble  gas  atoms.  In  fact 
several  researchers^  have  demonstrated  that  the 
atom  and  diiser  concentrations  can  be  decreased 
considerably  relative  to  the  much  larger  sodium 
polymers.  We  do  not  wish  to  operate  at  these 
extreme  expansion  conditions  but,  rather,  seek  a 
middle  ground  which  will  allow  enhanced  formation 
of  the  trimer  over  that  of  the  pure  expansion 
concentration.^^  This  condition  can  be  realized 
through  the  appropriate  adjustment  of  parameters 
which  can  be  manipulated  in  the  expansion  including 
(1)  the  rear  oven  stagnation  pressure  (argon  *** 
sodium),  (2)  the  frontal  nozzle^  temperature,  and 
(3)  the  ratio  of  the  supersonic  expansion  source 
pressure  to  the  overall  expansion  chamber  pressure. 

In  the  overall  experimental  design  depicted  in 
Figure  2(b),  the  sodium  slit  source  is  positioned 
relative  to  the  dual  halogen  slit  sources  located 
above  and  below  the  reaction  zone.  The  halogen 
slit  sources  are  designed  to  optimize  the 
interaction  of  the  alkali  expansion  products  with 
the  created  halogen  atoms.  The  optical  cavity  is 
colinear  with  the  geometric  intersection  of  the 
planar  halogen  and  alkali  flows  as  indicated  in 
Figure  2  and  is  terminated  on  each  end  by  self- 
cleaning  optical  windows  (as  indicated  in  Figure 
2(c)).  The  entire  sodium  oven  and  cooling  jacket 
assembly  can  be  translated  in  the  forward  and 
backward  directions  relative  to  the  halogen  slit 
sources  for  optimal  control  of  the  positioning  of 
the  reaction  zone  relative  to  the  laser  cavity.  In 
susmary,  the  reaction  zone  cavity  configuration  is 
designed  to  allow  for  (I)  short  transit  of  the 
reactants  Na3  and  X  «  Cl,  Br,  I  to  the  reaction  - 
amplification  zone,  (2)  flexible  movement  of  these 
sources  with  respect  to  each  other  and  with  respect 
to  the  flow  patterns  created  in  the  system  and 
(3)  minimal  interaction  of  these  reactants  with 
laser  cavity  windows.  To  insure  this  minimal 
interaction,  the  self -cleaning  optical  windows 
noted  previotisly^^  are  used.  The  reaction  zone 
is  evaciiated  through  a  35  cubic  foot  ballast  tank 
followed  by  a  1250  CFM  Stokes  -  Roots-Blower 
combination. 

The  oven  and  nozzle  chambers  are  currently 
heated  differentially  and  resistively  using 
Thezmocoax  wire  (Amperes,  inconel  sheath,  0.079'* 
diameter).  The  wrapped  heating  elements  are 
powered  by  two  inde^dent  Variac  transformer  power 
supplies  capable  of  delivering  25  amps  at  180  volts 
(a.c.).  For  the  halogen  dissociation  furnaces 
(Fig.  2(d)),  desired  temperatures  are  achieved 
through  the  resistive  heating  (250^  amps,  50 
volts  (a.c.))  of  a  hollowed  high  density  carbon 
cylinder.  The  central  channel  of  each  cylinder 
is  accessed  to  the  reaction  zone  region  through  a 
single  slit  %  0.006"  wide  by  two  inches  in  length 
running  midway  down  the  cylinder.  Typically,  these 
halogen  dissociation  furnaces  are  operated  at 
temperatures  between  1700K  and  1900K  as  determined 
by  optical  pyroMtry.  At  these  temperatures,  those 
halogen  molecules  entering  the  radiator  should  be 
greater  than  95Z  dissociated.  The  halogen,  if  it 
is  liquid  bromine  (or  iodine)  is  held  in  a  glass 
bulk  separated  from  the  inlet  to  the  reaction  zone 


by  a  teflon  stopcock.  In  the  case  of  iodine,  this 
bulb  is  heated  to  attain  the  necessary  flow  rates 
which  are  finely  controlled  using  a  Whitey  SS-22RS4 
needle  valve. 

In  a  typical  "seeded"  argon  experiment,  both 
the  rear  stagnation  oven  and  frontal  nozzle  are 
brought  slowly  to  a  temperature  of  «  450K  during 
which  time  hydrogen  is  evolved  from  the  sample.  A 
small  positive  pressure  argon  purge  is  maintained 
during  the  entire  heating  cycle  to  prevent 
backstreaming  of  the  sodium  vapor  into  the  seed  gas 
line.  With  the  hydrogen  evolution  complete,  the 
oven  can  be  brought  rapidly  to  the  operating 
temperature  of  a  given  experiment.  A  major  aspect 
of  our  efforts  has  involved  the  continued 
improvement  of  this  cycle  in  order  to  generate  the 
initial  experimental  studies  described  in  the 
following  section.  SixBultaneously,  the  halogen 
furnaces  are  heated  at  a  moderate  rate.  Since  the 
electrodes  supplying  current  to  the  halogen 
furnaces  are  water  cooled  (Fig.  2(b)),  their 
temperature  is  increased  slowly  to  prevent  them 
from  cracking. 

Overview  of  Inltlml  Izperimm&tal  Results 

As  the  operating  temperature  of  the  sodium 
supersonic  expansion  source  is  reached,  bromine 
molecules  are  passed  into  and  dissociated  in  the 
halogen  furnaces  and  subsequently  fed  to  the 
reaction  zone.  This  process  produces  a  bright 
yellow-green  cylindrical  region  formed  between  the 
two  halogen  outlets.  By  varying  the  flow  of 
bromine  through  the  needle  valve,  we  induce  a 
change  in  the  relative  intensity  and  spatial  extent 
of  the  emission.  If  the  system  is  operated  at  a 
relatively  low  bromine  flux,  the  observed  chemi¬ 
luminescence  loses  much  of  the  characteristic 
yellow  brightness  associated  with  the  sodium  O-Iine 
emission  and  bears  a  dominantly  green  appearance. 
This  is  apparent  for  both  pure  and  seeded  expan¬ 
sions.  As  the  spectrum  of  Figure  4  demonstrates 
for  a  pure  expansion,  the  monitored  spectral 
features  are  dominated  by  Na2  B-X  and  A-X  emission 
features  accompanied  by  a  weak  Na  D-line  emission. 

As  the  bromine  flux  is  increased,  the  observed 
emission  takes  on  a  strong  yellow  green  appear¬ 
ance,  due  most  likely  to  a  significant  increase  in 
Na^D-line  emission.  This  is  exeaq>lified  in  Figure 

In  the  configuration  outlined  in  Figure  2,  the 
halogen  sources  are  separated  by  approximately  6.4 
cm.  The  expanding  sodium  vapor  is  introduced  from 
its  source  configuration  at  a  distance  from  the 
reaction-viewing-zone  which  can  be  varied  in-sltu 
from  '^12.7  to  3.8  cm.  Thusfar,  we  have  found  that 
a  variation  over  these  distances  has  little  effect 
on  the  content  of  the  observed  spectral  chemi¬ 
luminescence  and  only  serves  to  increase  or 
decrease  the  intensity  of  the  light  emission  as 
the  halogen  source/alkali  source  distance  is 
varied.  Currently,  we  have  chosen  to  operate  with 
the  alkali  expansion  source  positioned  between  5 
and  3.8  cm  from  the  halogen  sources. 

The  halogen  atom  sources,  while  not  yet 
rotatable  in-situ  can  be  configured  to  intersect 
the  plane  of  the  alkali  expansion  slit  source  at 
varying  angles  by  adjusting  their  orientation  prior 
to  a  given  experizMmt.  These  adjustments  in  the 


orientation  of  the  reactant  flows  ( ♦  15®  relative 
to  the  vertical  for  tha  halogen  source  *  while 
maintaining  the  reaction  *  viewing  zone  orienta* 
tion)  do  produce  a  change  in  the  spectral  content 
of  the  observed  eaission  features.  For  example, 
when  the  horizontal  component  of  the  velocity 
vector  of  the  halogen  atom  flow  is  directed  para* 
llel  to  the  alkali  flow,  we  observe  a  very  weak 
broad  spectral  emission  at  436.5  nm  (Fig.  6(a)) 
correlating  closely  with  what  has  been  identified 
as  a  triplet-triplet  bound-free  transition  in 
Na2.^^  When  the  halogen  sources  are  configured 
perpendicular  to  the  alkali  flow  or  are  even 
slightly  rotated  from  the  parallel  to  an  angle 
10<^  antiparallel  (Fig.  6(b))  to  the  alkali  flow,  a 
notable  enhancement  of  the  436.5  nm  feature  is 
observed.  As  the  halogen  flow  rate  is  increased, 
the  436.5  nm  feature  is  further  enhanced^^*^® 

(Fig.  6(c)). 

In  our  initial  successful  operation  of  the  Na^ 
-  X  system,  we  were  concerned  with  the  evaluation 
of  pure  sodium  supersonic  expansions  and  the 
optimization  of  expansion  conditions  so  as  to 
demonstrate  the  formation  of  a  cooled  sodium  dimer 
(Na2)  constituency.  This  process,  of  course, 
represents  the  first  step  in  our  attempt  to  build 
up  the  trimer  (Na3)  concentration  to  the  level 
desired  to  create  an  extended  path  length  sodium 
dimer  amplification  zone. 

With  the  alkali  source  nozzle  and  halogen 
sources  positioned  within  3.8  cm  of  each  other, 
the  alkali  system  operated  under  conditions  which 
should  produce  significant  concentrations  of  cooled 
Na2»  the  halogen  slit  sources  oriented  at  75® 
relative  to  the  soditim  flow  in  a  direction  away 
from  the  alkali  nozzle  a  moderate  bromine  flux, 
we  observe  the  emission  associated  with  Na^-Br 
reactions  depicted  in  Fig.  5.  This  signature, 
observed  along  the  path  of  the  optical  train  in 
Fig.  2,  consists  of  a  dominant  Na  D-line  and 
considerably  weaker  Na2  B-X  emission  feature.  Also 
associated  with  the  D*line  are  several  features 
which  initially  were  thought  to  result  from  the 
selective  excitation  of  Na2  A  vibrational 
levels.  This  observed  structure  if  It  corresponds 
to  A-X  emission  must  be  associated  with  the  lowest 
vibrational  levels  of  the  Na2  X  ground  state. 
The  emission  does  not  correlate  with  the  strongest 
A-X  transitions  (Frank-Condon  factors)  which  can  be 
readily  excited  through  iMer  Induced  pumping  from 
the  ground  electronic  state.”  In  order  to  account 
for  selectively  produced  Na2  fluorescence  features 
in  the  region  of  the  D*line»  we  attempted  to  fit 
the  spectrum  to  a  linear  combination  of  several 
vibrational  progressions  involving  the  v*  t  21 
levels  of  the  A  state  (ex:  Na2  A  v*  •  21  ^ 

Na2»  v”  *  1-6)  or  to  a  very  selective 

emission  from  one  of  the  v*  ■21,  24,  27,  30  levels 
of  the  A  state.  Further,  the  sharp  nature  of  the 
observed  emission  features  suggests  that  they  might 
be  associated  with  the  energy  transfer  pumping  of 
cooled  Ka2*  The  experimental  conditions  are  such 
that  a  significant  alkali  dimer  concentration  which 
can  react  quite  efficiently  with  Br  atoms  to  pro¬ 
duce  gro\md  state  Na£r  is  present  in  the  expansion 
-  875  t.  -  935  I,  P«,.«on.  *  10*^ 

Torr)  but  a  substantial  alkali  trimer  concentration 
may  not  yet  be  generated.  This  suggests  that  the 
signature  might  result  from  the  energy  transfer 
pumping  of  cold  Na2  by  vibrationally  excited  NaBr, 


to  produce  an  A-X  emission  spectrum  much  sharper 
than  that  characterizing  the  Na3  -  Br  reaction. 

All  attempts  to  fit  the  spectrum  to  Na2  A-X 
fluorescence,  consistent  with  the  constraints  we 
have  outlined,  have  not  been  successful. 

We  must  conclude  that  the  features  depicted  in 
Fig.  5  do  not  correspond  to  emission  from  the  Na*)  A 
state.  An  alternate  assignment  for  these  surpris¬ 
ing  features  can  be  garnered  from  a  comparison  with 
the  optical  signatures  associated  with  "seeded'* 
sodium  expansions  and  with  the  emission  spectra 
generated  in  a  pure  sodium  expansion  at  low  bromine 
flux  (Fig.  4)  where  the  Na  D-line  is  (1)  consider¬ 
ably  weaker  than  the  Na2  A-X  and  B-X  fluorescence 
features  and  (2)  devoid  of  any  satellite  structure. 
This  result,  obtained  in  pure  expansion,  signals 
the  correlation  of  an  associated  intense  D-line 
emission  with  the  manifestation  of  satellite 
structure.  Further,  we  note  that  the  spectrum  in 
Fig.  5  appears  to  demonstrate  a  synergism  between 
the  features  appearing  to  the  red  and  those 
appearing  to  the  blue  of  the  D-line. 

Equally  revealing  information  is  obtained  from 
"seeded"  expansion  studies  at  moderate  bromine 
concentrations.  Figures  7(a)  and  7(b)  depict 
higher  resolution  scans  of  the  region  around  the  D- 
line.  The  dual  spectra  in  Figure  7(b)  demonstrate 
that  each  of  the  satellite  features  has  associated 
with  it  a  doublet  character.  The  doublet  structure 
might  be  attributed  to  P  and  R  branches  in  a 
resonance  fluorescence  series^^  resulting  from  the 
absorption  of  Na  D-line  photons.  Indeed  such  a 
doublet  structure  induced  by  a  Cd  resonance  lamp 
was  reported  by  Brown  in  a  classic  resonance 
fluorescence  study. Yet  it  appears  difficult  to 
find  previous  reports  of  such  a  resonance 
fluorescence  excitation  due  to  Na  D-line  optical 
pumping.  Indeed,  the  Frank-Condon  factors  for  such 
resonance  excitations  at  the  wavelengths  of  the  Na 
D-line  are  not  conducive  to  this  process.  We  also 
note  that  the  relative  intensities  of  the  doublet 
structures  associated  with  the  satellite  features 
follow  the  relative  intensities  of  the  two  D-line 
components  (16973.4  cm"^  (^^3/2  “  ^^1/2  ^ 

16956.2  (^PU2  •  ^^1/2  ^  ^89. 6  nm).  This  may  be 
fortuitous,^®  however,  it  also  suggests  an 
alternate  explanation. 

The  satellite  features  in  the  vicinity  of  the 
Na  D-line  might  correspond  to  Raman  scattering.  If 
the  observed  features  result  from  Raman  scattering 
due  to  the  Na  P-line  and  we  assign  the  long  and 
short  wavelength  features  as  corresponding  to 
stokes  and  antistokes  scattering  components,  their 
relative  intensities  should  consistently  predict  a 
reasonable  tei^rature  for  the  Na2  molecules 
experiencing  the  Raman  effect.  The  relative 
intensities  of  these  stokes  and  antistokes  features 
and  thus  the  ratios  Is2/Ia2»  Is3/Ia3,  and  Is4/Ia4 
(the  s-1  and  a-1  bands  are  significantly  overlapped 
bv  the  D-llne)  should  be  directly  proportional  to 
^5E/kT  Inhere  AE  is  the  appropriate  energy  incre¬ 
ment  in  vibrational  energy.  These  ratios  are  in 
excellent  agreement  (Table  I)  and  suggest  a  sodium 
dimer  temperature  close  to  200K.  This  temperature 
is  quite  consistent  with  the  expected  heating  of 
the  cold  Na2  produced  from  our  slit  expansion 
source. 

Thus  the  evidence  obtained  in  our  overall 


analysis  of  the  data  presented  in  Figures  S  and  7 
would  suggest  that  the  features  in  the  region  of 
the  Na  0-line  are  best  attributed  to  Raman 
scattering  from  an  intense  Na  atomic  emission 
source.  This  result »  the  attainment  of  a  Raman 
spectrum  on  the  time  scale  inherent  to  these 
experiments  suggests  an  excited  state  Na  atom 
concentration  sufficient  to  produce  effects 
normally  associated  with  (I)  resonant  Raman  or  (2) 
non -resonant  laser  Raman  experiments.  These 
excited  state  concentrations  portend  of  the  unique 
chemical  physics  which  will  be  associated  with 
these  systems. 

Our  previous  discussion  has  emphasized  the 
surprising  optical  effects  which  we  have  already 
found  to  characterize  the  Na^  -  Br  reactive  system 
at  high  concentration.  The  data  in  Figure  8  were 
obtained  with  T^^.n  ■  825  K,  *  8^5  K, 

Prxn.*on«  *  l-sTlO'l  Torr.  If?  iS  a  fast  ramping 
of  the  'seeded"  sodium  system  after  hydrogen 
evolution,  we  establish  operating  conditions  close 

to  T^yen  *  ^nozzle  *  ^rxn.zone  * 

X  10  ^  Torr,  a  further  stage  in  the  attainment  of 
the  Na3  -  X  reaction  amplification  configuration  is 
obtained.  The  spectra  in  Figs.  8(a)  and  8(b) 
obtained  at  this  higher  temperature  correspond  also 
to  the  introduction  of  a  moderate  bromine  flux. 

Not  only  do  we  maintain  the  Na  D-line  excited  Raman 
signal  but  we  also  obtain  evidence  for  the 
significant  excitation  of  the  higher  lying  excited 
states  of  the  sodium  atom.  These  spectra  bear  a 
phenomenal  similarity  to  the  sodium  fluorescence 
spectra,  induced  by  Allegrini  et  al.^^,  and 
depicted  in  Figure  9.  However,  Allegrini  et  al.^^ 
produced  their  spectrum  with  a  cv  dye  laser  tuned 
to  the  3s^Sw2  -  3p^P3/2  transition.  Their 

spectrum  (a)  is  obtained  at  a  temperature  of  653  K 
^^Na  *  0.195nm/Hg)  and  a  laser  pump  energy  of 
IW/cm^  whereas  the  amplified  blue  green  Na2  B-X 
emission  (b)  is  obtained  at  a  temperature  of  673  K 
(0.344  mm/Hg)  and  a  laser  pump  power  of  2M/car\ 

The  atomic  emissions  from  higher  lying  Na  atomic 
states  in  both  studies  are  believed  to  result  from 
energy  pooling  processes  involving  the  Na  D-line 
viz. 

N*(3p2p)  ♦  N«(3p2p)  •.  N,(3«2s)  ♦  (ta(4d2D) 

The  similarity  of  the  spectra  which  we 
generate  from  a  purely  chemical  process  (with  the 
exception  of  the  Raman  scattering)  and  the 
fluorescent  data  generated  by  Allegrini  et  al.  with 
their  significant  laser  pump  powers  is  quite 
astounding  and  consistent  with  our  suggestion  of  a 
Raman  signal  generated  from  the  production  of  high 
Na  3p^P  excited  atomic  concentrations  and  the 
subsequent  light  scattering  of  an  intense  D-line 
photon  flux  by  sodiw  dimers.  These  correlations 
further  suggest  that  we  are  well  on  the  way  to 
generating  the  necessary  concentrations  to  produce 
substantial  emission  from  Na^  -  X  reactive 
encounters.  It  now  remains  for  us  to  continually 
improve  the  expansion  conditions  so  as  to  Increase 
the  sodium  trimer  concentration.  This  will  be 
accomplished  both  in  a  pure  Na  vapor  expansion  and 
with  the  mixed  sodium- argon  or  sodium- helium 
expansion  described  above. 

iKteneiom  of  tlie  Ne3  -  X(Cl>Br»I)  Amplifier  Concept 

Although  the  experimental  configuration  which 


we  have  used  to  demonstrate  amplification  from  the 
Na^-Br  reaction  is  not  optimal  for  producing  a 
chemical  laser  oscillator,  it  can  readily  be  used 
to  assess  the  possibility  of  forming  chemical  laser 
amplifiers  from  the  reactions  of  lithium  trimer 
with  halogen  atoms  and  to  evaluate  the  extension  of 
the  oxidation  process  to  fluorine  atoms.  The  later 
experiments,  specifically  studies  of  the  Na3-F 
reactive  encounters  are  now  underway.  We  have  also 
constructed  a  molybdenum  based  double  oven  lithium 
supersonic  expansion  source  which  can  be  used  to 
test  the  viability  of  lithium  trimer -halogen  atom 
reactions  as  a  means  of  producing  lithium  dimer 
chemical  laser  amplifiers. 

The  Na2  amplifiers  which  we  have  characterized 
in  the  visible  region  operate  on  bound -bound 
transitions.  It  is  not  difficult  to  envision  an 
extrapolation  on  the  Na3-X  reaction  concept  which 
involves  the  readily  ionizable  allcaline  earth  metal 
trimers  and  the  formation  of  excited  state  dimers 
which  can  undergo  bound-free  excimer  transitions. 
With  this  focus,  we  are  attempting  to  generate  the 
M2  excimer  analogs  of  the  Na2  laser  amplifiers 
discussed  previously.  The  ground  electronic  state 
of  Hg2  is  very  weakly  bound. However,  detailed 
calculations  suggest  the  Mgo  *  Mg  bond  strength  may 
be  on  the  order  of  0.6  eV,^^  quite  comparable  to 
that  of  Na3.  We  are  now  forming  magnesium 
molecules,  specifically  Mg2  and  Mg3,  and  observing 
the  excited  state  products  of  their  oxidation  with 
F  and  Cl  atoms.  A  halogen  atom  discharge  source 
which  we  have  developed  to  study  the  Bi2  F 
reaction^^*^^  is  being  used  to  Investigate  the  Mg2- 
F,  Mg3-F,  Mg2-Cl,  and  Mg3-Cl  reactions.  To  date, 
we  have  not  observed  strong  Mg2  emission  from  the 
Mg3  -  r.  Cl  reactions,  however,  surprisingly, 
preliminary  results  on  this  system  signal  the 
formation  of  excited  state  Mg^F  (Figure  10)  and 
Mg  j^Cl  charge  transfer  complexes  where  x  is  most 
likely  two.  Although  we  have  noj^  yet  demonstrated 
the  potential  for  forming  an  Mg2  based  excimer 
amplifier  laser  system,  the  creation  of  a  long- 
lived  Mg^F  complex  suggests  that,  with  some 
modification,  this  may  be  feasible.  Further  it 
should  also  be  possible  to  extend  these  studies  to 
the  reactions  of  the  heavier  alkaline  earths  Ca^  - 
Ba^.  A  similar  situation  must  also  prevade  if  we 
consider  the  reaction  of  readily  ionized  manganese 
trimer  molecules  with  fluorine  or  chlorine  atoms. 
Again  the  manganese  dimer  molecule  is  very  weakly 
bound  in  its  ground  electronic  state.  The 
dissociation  energy  (D^)  of  dimanganese  has  been 
estimated  by  a  variety  of  methods  to  be  between 
0.02  and  0.15  eV.^^  The  force  constant  calculated 
for  the  manganese  trimer  bond,  0.38  m-dyne/A^^  is 
four  times  larger  than  that  of  diatomic  manganese 
suggesting  that  Mn3  is  also  much  more  tightly  bound 
than  Mn2»  but  worm  weakly  bound  than  Na3.  These 
characteristics,  in  conjunction  with  a  respectable 
MnF  bond  energy  (4.35  eV.^')  suggest  that  the  Mn3 
F  Hn2*  ^  MnF  reactive  encotinter  nay  represent  a 
feasible  source  of  excimer  emission. 

Finally,  we  should  note  the  correlation  which 
these  suggested  extrapolations  have  with  the 
complementary  study  of  the  Group  IIA  metal -halogen 
molecule  reactions  as  they  lead  to  the  formation  of 
the  Group  IIA  dihalide.  As  a  complement  to  the 
study  of  the  alkaline  earth  molecule  reactions 
which  we  outline,  we  have  used  a  combination  of 
single  and  multiple  collision  chemiluminescent 


studies  and  lasar  Inductd  fluorascanca  spactro- 
scopy^^  to  (1)  da»onstrata  tha  highly  afficiant 
coUlsional  stabilization  of  alactronically 
axcitad  Group  IIA  dihalida  collision  complaxas 
formad  in  diract  M  X2  MX2  raactiva  ancountars, 
(2)  dalinaata  tha  first  diract  avidance  for 
syniDatry  constraints  associatad  with  dihalida 
formation  in  tha  M  +  X2  insartion  procass.  (3) 
obtain  tha  first  discrata  amission  spactra  for 
thasa  dihalida  complaxas,  and  (4)  damonstrate  that 
tha  dihalida  formation  via  tha  collisionally 
stabilizad  M  *1*  X2  raactiva  association  may  wall 
involva  a  dominant  branching  into  alactronically 
axcitad  states  of  tha  dihalida  complex  suggesting 
tha  possibility  of  an  electronic  population 
inversion. 

I 

Tha  damonstratad  collisional  stabilization  is 
not  readily  explained  within  tha  RRKM  framework 
suggesting  that  new  models  will  be  necessary  to 
explain  tha  afficiant  interaction  of  alactronically 
excited  states  as  wall  as  highly  vibrationally 
axcitad  ground  states.  Tha  data  from  this  study 
now  begins  to  provide  important  information  on  tha 
efficient  stabilization  of  excited  state  Intar- 
madiata  complexes,  defining  a  much  broader  range  of 
interaction  than  has  typically  bean  associatad  with 
collisional  stabilization  phenomena.  The  demon¬ 
strated  interaction  range  of  these  dihalides  and 
the  enhanced  interaction  of  high  temperature 
molecules  in  general  has  direct  implication  for 
the  understanding  of  molecular  formation  and  energy 
transfer  in  the  high  stress  environments  which 
include  not  only  those  created  in  a  chemical  laser 
system  or  combustor  but  also  in  a  high  impulse 
propulsion  system. 


AckDowledfament 

It  is  a  pleasure  to  acknowledge  most  helpful 
discussions  with  Drs.  R.  Jones,  Bill  Watt,  T.  Cool, 
Stan  Patterson,  Rolf  Gross,  Sharwin  Amimoto,  John 
Daring,  Glen  Parram,  and  E.  Dorko  concerning  this 
study.  The  support  of  the  Georgia  Tech  Foundation 
through  a  grant  from  Mrs.  Betty  Peterman  Gole,  the 
Army  Research  Office  through  the  Short  Term 
Innovative  Research  Program,  the  Air  Force  Office 
of  Scientific  Research  and  Army  Research  Office  and 
AFOSR/SDIO  is  greatly  appreciated. 


1.  R.  D.  Levine  and  R.  B.  Bernstein,  Molecular 
Reaction  Dynamics  and  Chemical  Reactivity, 
Oxford  University  Press,  New  York,  1987. 

2.  E.  J.  Mansky  and  J.  L.  Cole,  work  in  progress. 

3.  Short  Wavelength  Chemical  Laser  Workshop, 
Charleston,  S.C*,  Nov.  14-15,  1984. 

4.  W.  H.  Crumley,  J.  L.  Gole,  and  D.  A.  Dixon, 

J.  Chem.  Phys.  ^439  (1982).  S.  H.  Cobb, 

J.  R.  Woodward,  and  J.  L.  Gole,  Cham.  Phys. 
Utt.  1^,  205  (1988).  S.  H.  Cobb,  J.  R. 
Woodward,  and  J.  L.  Gole,  Chem.  Phys.  Lett. 
157.  197  (1989).  S.  H.  Cobb,  J.  R.  Woodward, 
and  J.  L.  Gole,  Proceedings  of  the  Fourth 
International  Laser  Science  Conference,  A.I.P. 
Conf.  Proc.  No.  191,  Optical  Science  and 
Engineering  Series  10^  pg.  68. 

5.  J.  L.  Gole,  K.  K.  Shen,  H.  Wang,  and  D. 
Grantier,  "Chemically  Driven  Pulsed  and 


Continuous  Visible  Laser  Amplifiers  and 
Oscillators",  Proceedings  of  the  23rd  AIAA 
Plasma-Dynamics  and  Laser  Science  Conference, 
Nashville,  Tennessee,  AIAA  92-2994  (1992). 

6.  B.  Wellegehausen,  in  "Metal  Bonding  and 
Interaction  in  High  Temperature  Systems  with 
Emphasis  on  Alkali  Metals",  A.  C.  S.  Symposium 
Series  179,  edited  by  J.  L.  Gole  and  W.  C. 
Stwalley  (Am.  Chem.  Soc.,  Washington,  D.  C.) 
p.  462,  B.  Wellegehausen,  J.  of  Qxiantum 
Electronics  IS,  1108  (1979). 

7.  See  for  example,  R.  S.  Berry  and  C.  W.  Reimann, 
J.  Chem,  Phys.  38,  1540  (1963),  R.  S.  Berrv, 

J.  Chem.  Phys.  27,  1288  (1957),  W.  S.  Struve. 

J.  R.  Krenos,  D.  L.  McFadden,  and  D.  R. 
Herschbach,  J.  Chem.  Phys.  62,  404  (1975). 

R.  C.  Oldenborg,  J.  L.  0ol%  and  R.  N.  Zare, 

J.  Chem.  Phys.  60,  4032  (1974).  Given  Na2 
and  Na3  ionization  potentials  of  4.87  and 
3.97  eV  (A.  Hermann,  E.  Schumacher,  and  L. 
Woste,  J.  Chem.  Phys.  M,  2327  (1978)  and  an 
electron  affinity  of  3.363  eV  for  atomic 
bromine,  we  determine  a  very  substantial 
electron  jump  cross  section  o  •  ir  Q4.38/ 
(4.87-3.36))  -  285  A^  (2.85  x  10“^^  cm^) 
for  the  Na2  -  Br  reaction. 

8.  J.  L.  Gole,  G.  J.  Green,  S.  A.  Pace  and 

D.  R.  Preuss,  J.  Chem.  Phys.  76,  2247  (1982), 
and  references  therein. 

9.  For  example,  M.  M.  Kappes,  R.  W.  Kunz,  and 

E.  Schumacher,  Chem,  Phys.  Lett.  9^,  413 
(1982). 

.10.  We  wish  to  facilitate  the  formation  of  Na2 
in  the  B,  C,  and  C  excited  states  in  an 
electronically  inverted  configuration.  To 
do  this,  Na3  molecules  must  be  present  and 
react  with  halogen  atoms.  Here,  it  is 
important  to  note  that  the  oscillator 
strengths  for  any  of  the  larger  sodium  polymers 
(N*n.  ni3)  are  sufficiently  small  verses  Na2 
so  that  they  do  not  interfere  with  the  sodium 
dimer  pump  amplification  cycle. 

11.  "Self -Flushing  Optical  Window  to  Prevent 
Collection  of  Condensates",  W.  H.  Crumley, 
and  J.  L.  Gole,  Rev.  Scl.  Instruments 
1692  (1986). 

12.  K.  K.  Shen,  H.  Wang,  D.  Grantier,  and  J.  L. 
Gole,  "Visible  Chemical  Lasers  from  Alkali 
Based  Electronic  Inversions",  Proceedings  of 
SPIE  OE*  LASE  *93  Conference,  January  16-23, 
1993,  Los  Angeles,  CA,  in  press. 

13.  J.  T.  Bahns  and  W.  C.  Stwalley,  Applied 
Physics  Letters  826  (1984). 

14.  G.  Pichler,  J.  T.  Bahns,  K.  M.  Sando,  W.  C. 
Stwalley,  D.  D.  Konowalow,  L.  Li,  R.  W. 

Field,  and  W.  Muller,  Chem.  Phys.  Letters 
129.  425  (1986). 

15.  A.  Xopystynska  and  L.  Moi,  Physics 
Reports  92,  135  (1982). 

16.  With  a  P-R  branch  separation  given  by  4Bytt 

(J+1/2)  •  R(J-l)  -  P(J+1)  and  Na2  ground  state 
constants  B^  »  0.154707,  »  0.000874 

we  find  B^n^  ■  0.15427  and  for  a  frequency 
separation  of  order  15-20  cm**  and  4By»t»o 
«  0.61708  cm*^  the  implied  ground  state  J 
value  lies  between  24  and  32.  For  v" 
increasing,  these  J  values  Increase.  From 
the  relationship  Jm»  *0.59  tT(^)/By], 

Na2  v"»0  at  room  temperature  (300K)  has 

a  Jnax  200®K,  J^  -  21.  Thus  it 

is  not  possible  at  this  time  to  unequivocally 
rule  out  the  possible  assignment  of  the  doublet 


structure  to  th%  poking  of  P  and  R  branchas 
in  a  transition.  Sea  G.  Harzbarg, 

Spectra  of  Diatoaic  Molaculas>  Van  Nostrand 
and  Coapany»  1966. 

17.  W.  G.  Brown.  Z.  Phyiik  82.  768  (1933). 

18.  M.  Allagrini,  G.  AXzatta,  A.  Kopystynska, 

L.  Moi,  and  G.  Orriolis.  Opt.  Consnun.  22, 

329  (1977).  "" 

19.  R.  Balfour  and  A.  E.  Douglas,  Can.  Jour.  Phys. 
48.  901  (1970);  K.  Li  and  W.  C.  Stwallay,  J. 
Cham.  Phys.  4423  (1973). 

20.  P.  Reuse,  S.  N.  Khanna,  V.  da  Coulon,  and  J. 
Buttet,  Phys.  Rev.  B  11743  (1990). 

21.  T.  C.  Devore,  R.  Kahlschauar,  L.  Brock,  and 
J.  L.  Gole,  ’*0n  the  BiP  Bond  Dissociation 
Energy  and  Evaluation  of  the  BiP  Rad 
Emission  Band  Systaas'*,  Chagiical  Physics 
155.  423  (1991). 

22.  T.  C.  Devore  and  J.  L.  Gola,  "Fluorine  Hot 
Atom  Oxidation  of  Bismuth  Vapor:  A  Coanant 
on  the  Evaluation  of  the  BiP  Bond  Energy", 
submitted  to  Chemical  Physics,  in  press. 

23.  A.  T.  L.  Haslatt,  M.  Noskovits.  and  A.  L. 
Weitzaann,  J.  Molac.  Spactrosc.  135,  259 
(1989). 

24.  K.  D.  Bier,  T.  L.  Haslatt,  A.  D.  Kirkwood,  and 

M.  Moskovits,  J.  Cham.  Phys.  89,  6  (1989). 

25.  M.  Kant,  T.  Ehlart,  and  J.  L.  Margrave,  JACS 
86,  5090  (1964). 

26.  H.  Wang,  J.  Tovson,  and  J.  L.  Gola,  "The 
Chemistry  of  Group  IIA  Dihalida  Formation 
from  Alkaline  Earth  Atom-Halogen  Interactions", 
in  preparation. 


TAbl«  I 


i 

Hi 

T  (K) 

1 

2.1 

390 

2 

4.1 

205 

3 

4.6 

188 

4 

4.4 

195 

Tabl€  1:  Ratio  of  ralativa  intansitias  of  stokas  <ISi)  vs.  antistokes 

<Zai,)  faaturas  shoim  with  corrasponding  calcuiatad  vibrational 
tanparaturas  corrasponding  to  thosa  faaturas  saan  in  figuras  S 
and  7.  Isi  danotas  tha  i^^  stokas  faatura  from  tha  Na  0  lina. 
lai  danotas  tha  antistokas  faatura.  Tha  ratio^  Isi/Iai  nay 
not  accurataly  raprasant  tha  actual  vibrational  tamparatura  of 
tha  Raman  (dinar)  scattarar  dua  to  partial  ovarlap  of  tha 
faatura  with  tha  Ka  D  lina.  Saa  taxt  for  discussion. 
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Figura  1:  Chaniluainascant  aadasion  rasulting  from  tha  reaction  Ma3  * 

Br  -4  Na^  4  NaBr.  Tha  spectra  display  sharp  fluorascanca 
features  in  the  visible  at  *527,  «492^  *460.5  nm  superimposed 
on  a  broader  Nas  background  emission. 
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Figure  2(«):  SehMUtie  ot  thm  Alkali  natal  planar  suparsonic  ascpanaion 

aourca.  This  davica  allows  for  tha  sodium  vapor  to  ba 
eoolad  in  a  "pura”  aapansion  (without  carriar  gas)  or  in 
a  "saadad*  flow,  in  which  argon  or  halium  is  usad  to 
maintain  a  high  backing  prasaura  and  hanca  produca  a 
coldar  axpansion. 

Figura  2(b):  Ejiparimantal  evarviaw  of  raaetion  chambar.  Tha 

oriantation  of  tha  alkali  axpanaion  sourca  dapictad  in 
Fig.  2(a)  is  shown  ralativa  to  tha  positions  of  tha 
halogan  atom  sourcas.  Tha  alkali  ovan  systam  is 
eenstructad  so  as  to  allow  for  its  in-situ  translation 
during  tha  aapariaant 

Figura  2(c):  Ovarviaw  of  axparimantal  raaetion  chambar  configuration 

from  abova.  Tha  spatial  coincidanca  of  tha  raaetion  zona 
and  tha  optical  train  is  damonstratad. 


Figura  2 (d) : 


Schamatie  of  halogan  atom  planar  flow  sourca.  Saa  taxt 
for  discussion. 
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Figure  3(a):  Stainlaaa  ataal  noxsla  of  0.003”  width  eonatructad  using 

an  EDM  tachniqua  and  tastad  in  praXiminary  stagaa  of  tha 
aapariiaant . 


Figura  3(b):  Molybdanua  slit  noszla  following  an  idantical  daaign  to 
tha  slit  dapietad  in  rig.  3(a).  Thia  slit  proved 
eonaidarably  aora  caaiativa  to  alkali  aroaion. 

Figura  3(c):  Mar  plata  of  a  dual-plata  nozzla  configuration 

(atainlaaa  ataal) . 


Figura  3<d):  Front  plata  of  a  dual*plata  noaxla  configuration 

(atainlaaa  ataal) . 

Figura  3(a):  Schaaaatic  dapiction  of  tha  noxxla  aaaambly  from  tha  front 

and  back  plataa  dapietad  in  Figuraa  3(c)  and  3(d).  Tha 
two  plataa  sandwich  two  parallel  ahaata  of  0.005” 
tantalum  which  compriaa  a  0.003”  axpanaion  alit.  Saa  taxt 
for  diacuaaion. 
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Figure  4: 


N«2  B-X  and  A«X  chamiluminescant  amission  spectrum  recorded 
at  lov  bromine  flux  under  pure  sodium  expansion  conditions. 
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Figure  6:  O^aonstration  of  th«  offset  of  halogen  flow  relative  to  the 

alkali  flow,  (a)  The  halogen  flow  is  oriented  to  flow  with  a 
vector  flow  component  parallel  to  the  alkali  expansion.  (b) 
The  halogen  flow  is  oriented  so  as  to  oppose  the  supersonic 
expansion.  (c)  Sane  as  (b)  with  increased  flow.  See  text 
for  discussion. 
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Figure  7:  High  resolution  scene  of  Ns*  induced  Rsasn  spectre  showing 

transitions  sssoeisted  with  the  Isheled  lower  state  levels, 
(a)  0.1  am  resolution  scan,  (b)  0.05  nm  resolution  scan. 
Note  the  correlation  of  the  relative  intensities  of  the 
peaks  corresponding  to  the  doublets  of  each  side  band  with 
the  relative  intensities  of  the  Na(3P3/2)  ^  Na(3Si/2)  and 
the  Na(3Pi/2)  ^  Na(35x/2>  emission  features  (indicated  by 
arrows) . 


K(5P-4S) 


X«a««r  induced  sodiua  fluorescence  spectre  obtained  by 
Alle^rini  et  el.^^  See  text  for  discussion. 


rigur«  10:  ChMlluAia««e«nt  spactra  result ing  from  th«  raaction  of 

nail  Mgnasiua  aolaculaa  (Mg2,  Mg3),  fotmad  in  a  high  nwtal 
■oX#  fraction  aggloanration  flow  of  dry  ica  coo lad  halium, 
with  fluocina  atona.  Tha  obaarvad  apactra  corraapond  to  Mgr 

^  ^  ^  and  atomiC/  and 

aaiaaion  faaturaa^  which  vary  in  intanaity  with 
inccaaaing  nola  fraction  of  aagnaaium.  Tha  prograaaion  of 
baada  aaaociatad  with  tha  Mg^^F  aaiittar  (charga  tranafar 
coop  lax ) ,  whara  x  ia  likaly  2,  appaara  to  corraapond  to  a 
i®  tha  MgF  atratch  on  which  ia  aupariapcaad 
faaturaa  aaaociatad  with  an  Mgj"**  moiaty.  Praliadnary 
atudiaa  indicata  that  MgP  A^n  and  Mg  3p  .^a  fonnad  from  tha 
Mg2  +  F  raactionr  Mg  ^0  and  Mg  ara  fomad  from  an  anargy 
pooling  procaaa  involving  Mg  3p  4^^  ^gF  A^n  and  tha  Mg^F 
charga  tranafar  aodiaaion  rasulta  from  tha  Mga-F  raaction. 

Tha  apactra  ara  takan  with  an  RCA  1P28  phototuba  at  1  nm 
raaolution . 
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ABSTRACT 


Efficient  near-resonant  intennolecular  energy 
transfer  from  selectively  formed  metastable  states 
of  SiO  and  GeO  (a^E'^’.b^H)  has  been  used  to  form 
continuous  sodium  and  potassium  atom  based  laser 
amplifiers  at  569  run  (Na),  616  nm  (Na),  819  nm 
(Na),  and  581  nm  (K).  Adopting  a  variety  of  pump¬ 
ing  sequences  in  which  substantial  concentrations 
of  the  energy  storing  metastables  are  brought  into 
intimate  contact  with  the  appropriate  atomic 
receptor,  either  as  a  premixed  metalloid  (Si.Ge)- 
receptor  atom  (Na.K)  combination  is  oxidized 
or  through  intersection  of  the  metastable  pump- 
receptor  atom  flows,  we  have  energy  transfer  pumped 
X  ^S^/2  Na  atoms  (SiO)  to  their  excited  4d^D  and 
5s^S  states  and  ^^\f2  ^  atoms  (GeO)  to  their  5d^D 
state.  We  observe  a  system  temporal  behavior, 
signaling  the  creation  of  a  population  inversion, 
and  corresponding  to  a  gain  condition  on  the 
Na  4d^D  -  3p^P  (a  (gain  coeff.)  i  0.1/cm) 
transition  at  569  nm,  the  Na  5a^S  -  3p^P  (a  > 
0.03/cm)  transition  at  616  nm,  and  the  K  5d^D  - 
4p^P  (a  >  0.08/cm)  transition  at  581  nm.  The  gain 
condition,  established  for  the  sodium  system  using 
three  Independent  (Roll -Mental  ratio  method,  sodium 
lamp  line-selected  gain  measurement,  high  resolu¬ 
tion  ring  dye  laser  gain  measurement)  monitoring 
techniques,  forms  the  basis  for  full  cavity 
oscillation  on  the  Na  4d^D  -  3p^P  and  5s^S  -3p^P 
transitions  at  569  and  616  nm.  At  569  nm,  with 
0.2Z  output  coupling  from  a  full  cavity  configura¬ 
tion  surrounding  a  5  cm  reaction  -  energy  transfer 
-  amplification  zone  formed  by  the  90®  inter¬ 
section  of  entrained  metastable  SiO  and  Na  atom 
flows,  we  have  achieved  an  optimum  continuous 
light  output  exceeding  10^  times  that  observed  with 
a  blocked  (single  pass)  high  reflector.  This 
observation  of  the  manifestation  of  oscillation  is 
consistent  with  recent  modeling  studies.  Improve¬ 
ments  in  reactant  mixing  and  active  medium  concen¬ 
tration  through  implementation  of  a  concentric  flow 
configuration,  the  optimization  of  output  coupling, 
and  the  operation  of  the  full  cavity  optical  train 
in  windowless  configuration,  all  of  which  promise  a 
considerable  improvement  in  cavity  output,  are 
summarized.  Within  a  generic  framework,  the  first 
order  approach  to  the  creation  of  as^liflers  and 
oscillators  in  the  alkali  based  systems  might  also 
be  extrapolated  to  exploit  the  efficient  near 
resonant  energy  transfer  pumping  of  potential 
amplifying  transitions  in  lead  (Pb),  copper  (Cu- 
analog  of  Cu  vapor  laser),  and  tin  (Sn)  receptor 
atoms. 


Approach  to  Baergy  Transfer  Popping 

The  approach  which  we  outline  to  develop  the 
first  visible  chemical  laser  amplifiers  and  oscil¬ 
lators^'^  has  relied  on  a  two  step  procedure  where¬ 
in  chemical  energy  is  produced  and  stored  in  a 


first  step  and  then  transferred  in  a  collision 
Induced  process  to  an  appropriate  lasing  medium  in 
a  second  step.  Following  this  scheme,  we  can 
attempt  to  produce  inversions  using  (1)  "ultrafast" 
intramolecular  energy  transfer  among  the  excited 
electronic  states  of  small  diatomic  molecules^*^  or 
(2)  intermolecular  transfer  from  electronically 
excited  metastable  storage  states  to  readily  lasing 
atomic  receptors.  The  nature  of  the  amplifying 
medium  dictates  the  required  temporal  separation  of 
the  two  steps  of  interest. 


In  developing  visible  chemical  lasers  from 
energy  transfer  related  processes,  it  is  important 
to  note  that  electronically  and  highly  vibration- 
ally  excited  molecules,  with  their  inherently  dif¬ 
fuse  electron  density  and  large  amplitude  vibra¬ 
tional  motions  simply  interact  more  efficiently 
than  do  ground  state  molecules  in  their  lowest 
vibrational-rotational  levels.  We  have  determined 
that  several  diatomic  metal  monoxides  display 
collision  induced  electronic-to-electronic 
(E-E)^*^^  and  vibrational-to-electronic 
(V-E)^^  intramolecular  energy  transfers  which 
proceed  at  rates  comparable  to  or  far  in  excess  of 
gas  kinetic.  Transfers  from  metastable  to  shorter 
lived  excited  states  may  proceed  at  rates  which 
approach  500  times  gas  kinetic  (cross  sections  well 
in  excess  of  4000  A^).  It'li^ears  that  even  the 
low-lying  electronic  states  of  several  simple  high 
temperature  molecules  (the  products  of  metal 
oxidation)  interact  with  a  collision  partner  which 
induces  energy  transfer  with  a  much  larger  impact 
parameter  than  previously  anticipated.  In  a  sense 
we  are  dealing  with  "pseudo -macromolecules"  which 
display  many  of  the  characteristics  inherent  to 
Rydberg  states^^  with  their  large  transfer  and 
relaxation  cross  sections.  In  several  cases  the 
rates  for  the  observed  transfers  may  be  comparable 
to  the  radiative  lifetimes  associated  with  the 
usually  shorter  lived  and  potentially  i^seful  upper 
levels  in  which  the  intramolecular  transfer 
terminates. Rates  of  this  magnitude,  properly 
employed,  can  be  co^etitive  with  optical  pumping! 

At  some  point,  there  is  little  distinction 
between  fast  intramolecular  energy  transfer 
processes,  correlating  with  electronic  state 
couplings  and  the  periods  of  molecular  vibrations 
(rotations),  and  intermolecular  energy  transfer, 
governed  by  the  duration  of  collisions  with 
electronically  excited  states. It  is  therefore 
reasonable  to  expect  certain  near  resonant 
intermolecular  energy  transfers  to  proceed  with 
extremely  high  cross  sections.  We  consider  that  an 
electronically  excited  molecule,  with  its  diffuse 
electron  density,  has  a  much  larger  interaction 
range  as  it  influences  reaction  and  collision 
partners.  The  increased  interaction  rates  which 
several  experiments  now  suggest  are  certainly 
encouraging  for  the  development  of  visible  chemical 
lasers  from  energy  transfer  processes. 


"Copyright  c  1993  by  James  L.  Cole.  Published  by  the  American  Institute 
of  Aeronautics  and  Astronautics,  Inc.  with  permission." 


Relatively  simple  metal  or  metalloid  oxidation 
react ions »  which  involve  a  branching  to  long-lived 
metastable  states  in  a  high  quantum  yield  process, 
while  rare,  show  the  promise  of  creating  an  energy 
storage  medium  to  pump  atomic  transitions  with  an 
established  high  propensity  for  lasing  action.^  To 
accomodate  this  desired  pump  sequence,  we  have 
developed  techniques  to  form  copious  quantities  of 
the  metastable  SiO  and  GeO  a^S***  and  b%[  states  as 
the  oroducts  of  the  primarily  spin  conserving  Si- 
Si-NO^,^^  Ge-N20,  and  Ge-03  reactions. 

These  long-lived  triplet  states  act  as  an  energy 
reservoir  for  fast  near  resonant  intermolecular 
energy  transfer  to  efficiently  pump  atomic  transi¬ 
tions  including  select  transitions  in  sodium.^“^ 
potassium.^"^  thallium, gallium, lead,^»^ 
copper, and  tin.^*^  Here,  we  focus  primarily  on 
the  electronic-to-electronic  (E-E)  energy  transfer 
pumping  of  sodium  atom  based  amplifiers  corres¬ 
ponding  to  the  Na  4d^D  -  3p^P,  5s^S  -  3p^P,  and 
3d^D  -  3p^P  transitions  at  569,  616,  and 

819  nm  and  the  concomitant  full  cavity  oscillation 
on  the  4d^D  -  3p^P  transition  at  X  ~  569  nm.  We 
also  consider  the  implications  of  the  results 
obtained  with  sodium  as  they  apply  to  the  future 
development  of  potassium,  lead,  copper,  and  tin 
atom  based  systems. 


In  order  to  pump  the  4d^D,  and  5s^S 

levels  of  atomic  sodium, we  make  use  of  the 
efficient  intermolecular  energy  transfer  process 

SiO(a3j+,b3n)  +  X  •»  SiOCxlE*)  +  X*  (1) 

where  X*  represents  the  electronically  excited 
atomic  species  from  which  we  wish  to  obtain  lasing 
action  and  the  SiO  a^E'*'  and  b^IT  states  are  formed 
under  multiple  collision  conditions  in  a  focused 
argon  or  helium  entrainment  flow  such  that  the 
nascent  product  distribution  of  the  Si-N20^^  or 
Si-N02^^  reactions  is  rotationally  thermalized  and 
vibrationally  relaxed  (Ref.  1,  Figure  4)  to  the 
lowest  levels  of  the  triplet  state  manifold.  The 
success  of  this  outlined  scheme  depends  on  the 
rates  for  the  reactions  forming  the  SiO  or  GeO 
roetastables^^*^®  and  the  rate  of  the  MO  (M«Si,Ge) 
-  X  intermolecular  energy  transfer,  which,  we 
anticipate,  will  be  inf luenced^by  the^nature  of 
near  resonances  between  the  MO*  and  X*  energy 
levels. 


The  outlined  energy  transfer  process  is  found 
experimentally  to  be  quite  efficient  for  sodium  (as 
well  as  potassitim)  atoms.  To  an  even  greater 
degree  than  that  inherent  to  the  previously  studied 
chemically  pumped  T1  based^*^  aaq>Iif ier-oscillator 
system  (Tables  I  and  II  of  Ref.  1)  at  X  «  535  nm. 
there  exist  near  resonant  matchups  (6E  100  crn'O 

to  receptor  atom  levels  of  interest  in  atomic 
sodium  (and  potassium)  for  both  SiO  and  CM  metas¬ 
tables.  We  are  concerned  with  the  energy  transfer 
pumping  of  levels  which  are  not  accessed  through 
strong  electric  dipole  transitions  from  the 
ground  state  of  the  alkali  atom.  Applying  these 
criteria,  we  summarize  the  nature  of  relevant  near 
resonances  for  the  lowest  vibrational  levels  of  the 
a^E*^  and  b^n  states  of  SiO  and  GeO  and  the  Na  and  K 
atomic  transitions  in  Tables  I  and  II.  For  the  SiO 
-  Na  system.  Table  I  suggests  that  the  sodium  4d^D 
level  might  be  most  easily  pumped  followed  closely 
by  the  5s^S  level.  The  3d^D  and  6s^S  levels  appear 
somewhat  less  promising,  with  the  potential  reson¬ 


ances  involving  the  3d^D  level  and  the  lower 
vibrational  levels  being  more  favorable.  A  simi¬ 
lar  analysis  for  the  potassium  (Tables  I  and  II) 
and  lead  (Tables  III  and  IV)  atom  transitions 
suggests  that,  at  least  to  first  order,  both 
systems  are  comparable  if  not  more  favorable  than 
sodium.  In  fact,  Table  V  suggests  the  possibility 
for  an  efficient  energy  transfer  pumping  of  the 
upper  4p^P  levels  of  the  copper  vapor  laser  and 
Table  VI  enumerates  a  select  group  of  tin  atom 
receptors.  All  of  these  systems  show  promise  for 
the  development  of  energy  transfer  based  amplifiers 
and  while  the  primary  focus  of  our  discussion  will 
be  the  SiO-Na  system,  the  devices  which  we  are 
developing  to  create,  enhance,  and  characterize 
this  amplifying  medium  are  designed  for  ready 
conversion  to  similar  studies  of  potassium,  lead, 
copper,  and  tin  energy  transfer  pumping. 

Evidence  for  Efficient  Energy  Transfer  Pwping 


Collisions  with  SiO  or  GeO  metastables  have 
been  used  to  energy  transfer  pump  from  the  3s Na 
ground  state  to  the  Na  3d^D,  4d^D  and  5s^S  levels 
forming  the  basis  for  amplification  on  transitions 
from  these  levels  to  the  3p^P  terminal  laser  level 
(Fig.  1(a)),  the  short-lived  upper  level  of  the  Na 
D-line.^^  Because  the  3p^P  -  3s^S  transition  is 
characterized  by  a  high  oscillator  strength,  it 
facilitates  rapid  loss^'^  of  the  terminal  laser 
level,  expecially  in  a  D-line  quenching  environ¬ 
ment,  creating  ground  state  Na  atoms  which  are 
again  amenable  to  near  resonant  energy  transfer 
pumping. 

The  Sd^D,  Ad^D,  and  Ss^S  levels,  are  not 
readily  accessed  via  optical  pumping^^  from  the 
ground  3s^S  state  of  the  sodium  atom,  however,  as 
Figs.  1(b)  and  1(c)  demonstrate,  using  SiO  metas¬ 
tables  formed  in  the  Si-N^O  reaction,  we  have 
successfully  energy  transfer  pumped  Na  atoms  to  the 
and  levels  where,  for  the  3d^D,  5s^S,  and 
4d^D  levels,  they  subsequently  emit  radiation  at 
»  819,  616,  and  569  nm^^  as  they  undergo 
transition  to  the  3p^P  levels.  The  observed  Na 
atom  transitions,  originating  at  the  4d^D  and  5s^S 
levels,  are  characterized  by  moderate  oscillator 
strengths.  The  accessed  Na  cycle,  with  its  50 
(4d^D  -  3p^P)^^  to  100  (5s^S  -  3p^P)^^  nanosecond 
upper  state  radiative  lifetimes  (vs.  T1  ^Sj^/2 
7nsec.^’^^)  and  short-lived  terminal  laser  level, 
would  appear  ideally  suited  to  obtain  high  duty 
cycle  laser  amplifiers  and  oscillators.  In  fact, 
we  find  that  these  transitions  demonstrate 
continuous  gain.  In  following  sections,  we  outline 
a  range  of  measurements  on  the  Si-SiO-Na  system 
which  can  be  readily  extrapolated  to  the  potassium, 
lead,  copper,  and  tin  systems  and  which  have  been 
used  to  demonstrate  continuous  gain  on  the  4d^D  - 
4p^P,  5s^S  -  3p^P,  and  3d^D  -  3p^P  transitions  at 
V  -  569,  X  *  616,  and  X  »  819  nm  respectively,  and 
obtain  evidence  for  continuous  oscillation  at  X  % 
569  nm. 


As  figures  2,  3,  and  4  suggest  the  efficient 
energy  transfer  pumping  manifest  in  the  SiO- sodium 
system  is  also  clearly  apparent  for  potassium  (Fig. 
2),  lead  (Fig.  3),  and  copper  (Fig.  4)  receptors. 

As  in  the  sodiijm  based  spectrum  of  Fig.  1,^’^  the  K 
D-line  transitions  (K  4p^P  -  4s^S)  at  X  '^  767-770  nm 
dominates  emission  from  the  6s^S,  7s^S,  4d^D,  5d^D, 
and  6d^D  levels,  all  of  which  feed  the  short-lived 


4p^P  upper  level  of  the  K  D-line.  Preliminary 
experiments  using  an  SiO  pump  suggest  gain  on  the 
6s*S  -  4p^P,  7s^S  -  4p^P,  5d^D  -  4p^P,  and  6d^D  - 
4p‘-p  transitions  with  an  estimated  gain 
coefficient  a  ^  0.08  for  the  5d^D  -  4p-P  amplifier 
at  A  %  581  nm.  While  we  have  emphasized  the  use  of 
an  SiO  ptuip  for  the  sodium  system.  Table  II 
demonstrates  that  several  potential  potassium  based 
amplifiers  might  best  be  created  using  GeO 
metastables. 


Figure  3  demonstrates  the  results  we  have 
obtained  when  using  SiO  metastables  (Si-N20)  to 
pump  lead  receptor  atoms.  Observed  Pb  transitions 
are  indicated  to  the  right  of  the  figure.  We 
notice  that  self -absorption  involving  ground  state 
X  ^Pq  lead  atoms  is  so  dominant  that  no  emission  to 
the  ground  state  is  observed.  This  self  absorption 
is  even  more  pronounced  than  that  observed  for  the 
T1  system.  We  find  significant  pumping  of  both  the 
and  ^D2  levels,  as  Table  III  suggests  and  Table 
IV  indicates,  might  be  considerably  improved  with  a 
GeO  metastable  pump.  The  transitions  from  the  ^Sq 
level  terminate  in  the  lowest  X  ^p2  (531.2  nm)  and 
X  ^P]^  (462  nm)  levels.  If  collisional  quenching 
and  relaxation  of  the  level  are  minimal  rela¬ 
tive  to  that  of  the  X  manifold  (^P2*  ^Pi)  it  may 
be  possible  to  create  population  inversions  on  the 
-  ^p2  and  ^Sq  -  ^Pj  transitions  and  produce 
amplification  at  531.2  and  462  nm.  The  well  known 
lead  laser  transition  at  X  *  723  nm^^  correspond¬ 
ing  to  a  -  ^D2  transition  (Fig.  3)  has  an  A 

value  close  to  10^  sec'^  yet  we  find  no  evidence 
for  this  transition.  We  do.  however,  find  evid¬ 
ence  for  both  the  ^Pj®  -  X  ^Pi  and  ^P^^  -  X  ^P2 
transitions  and  for  the  ^D2  “  ^P^  transition  at  733 
nm.^^  These  results  suggest  that  the  -  ^D2 

transition  may  be  self  absorbed  due  to  a 
significant  ^02  population  which  also  facilitates 
the  observation  of  the  733  nm  transition.  It  will 
be  Important  to  assess  whether  the  manifestation  of 
a  significant  ^02  population  results  from  direct 
energy  transfer  pumping  or  whether  the  ^02  state  is 
populated  by  the  723  nm  laser  transition  on  a  time 
scale  considerably  shorter  than  that  for  the 
observation  of  energy  transfer.^  The  results 
obtained  for  the  energy  transfer  pumping  of  lead 
atoms  certainly  suggest  the  possibility  of  creating 
additional  amplifiers.  It  is  particularly  encour¬ 
aging  that  some  of  the  associated  transitions  may 
operate  within  four  level  systems  thus  obviating 
the  self -absorption  bottleneck  that  may  plague  the 
Si-SiO-Na  system  at  high  sodium  concentration. 


Figure  4  demonstrates  results  obtained  for  the 
Si-SiO-Cu  system  obtained  using  an  approach  repre¬ 
senting  a  significant  extrapolation  from  the  mix¬ 
ing  configuration  which  we  have  outlined  pre¬ 
viously  and  consider  in  following  sections.  Here 
Si  and  Cu  were  premixed  at  room  temperature  and  co- 
vaporized  from  a  single  crucible.  The  mixture  was 
then  oxidized  to  yield  the  energy  transfer  pumping 
spectrum  in  Figure  4. 

With  the  examples  given  in  Figures  1-4  (Tables 
I  -  VI),  it  should  be  apparent  that  a  variety  of 
energy  transfer  pumping  configurations  might  be 
envoked  to  produce  aotplif ication  across  the  visible 
region. 


GAIM  MKASURBONTS  VOR  SiO-Na  •  NATURB  OR  TEE 
RBACnON-BHERCy  TBAMSHB-AKPLITICATIOH  ZONE  FOR 
S(»IIM  BASED  KXPERDfBKTS 

Gain  Measurement 


Gain  measurements  have  been  carried  out  on 
the  amplification  region  created  in  the  sodium 
system  using  three  different  experimental  config¬ 
urations.  The  simplest  of  these  measurements 


employs  the  optical  train  depicted  in  Fig.  5(a) 
most  recently  surrounding  a  a,  5  cm  energy  transfer 
-  amplification  zone^*^  created  using  the  mixing 
configuration  depicted  in  Fig.  6.  The  optical 


train  parallels  the  ingeneous  design  of  Roll  and 
Mentel,^»^'  used  to  measure  amplified  spontaneous 
emission  (ASE).^’^»2^  The  gain  coefficient  a,  can 


be  calculated  from 


a  -  In  ((I2-Ii)/IiRt2)/L  (2) 


Here,  L  is  the  effective  gain  medium  length  (the 
medium  is  not  necessarily  uniform),  R  is  the  mirror 
reflectivity,  and  T  is  the  transmission  of  the 
amplification  zone  vacuum  chamber  window  in  front 
of  the  mirror  (Fig.  5(a)).  Ij^  is  the  measured 
"single  pass"  (spectrometer)  light  intensity  from 
the  gain  medium  with  the  shutter  placed  in  front  of 
the  high  reflector.  With  the  high  reflector  open 
to  and  aligned  with  the  gain  medium,  we  measure 
light  of  intensity,  I2,  which  is  contributed  to  by 
(1)  light  passing  directly  through  the  gain  medium 
to  the  detector  (Ij)  and  (2)  light  reflected  back 
through  the  amplification  zone  from  the  high 
reflector.  We  refer  to  I2  as  the  double  pass  ASE 
intensity.  Thus,  in  Equation  (2),  we  compare  the 
intensity  difference  (l2“Il)  correcting  for 

the  reflectivity  and  transmissivity. 


A  considerable  change  in  the  relative  inten¬ 
sities  of  the  569  nm  Na  4d^0  -  3p^P  and  Na  0-line 
emissions  for  the  single  and  double  pass  ASE  out¬ 
put  is  quite  evident  in  Figure  7.  The  ratio  of 
the  double  to  single  pass  intensity  for  the  569  nm 
feature  depicted  in  the  Figure  is  2.6/1,  corres¬ 
ponding  to  a  gain  coefficient,  a  0.11 /cm  (Eq.  2), 

which  is  by  no  means  the  optimal  value  that  has 
been  achieved  with  the  current  configuration. 

Under  optimal  operating  conditions,  using  a  I" 
diameter  99.9%  high  reflector,  we  have  achieved 
amplification  such  that  the  ratio  of  light  output 
when  the  rear  high  reflector  is  accessed  to  that 
when  the  rear  high  reflector  is  blocked  ranges 
from  3.4  to  3.8  (o  0. 16-0.23/cm) .  This  is  a 
ratio  which  demonstrates  clear  gain.  It  should  be 
compared  with  the  measured  ratio  for  a  purely 
fluorescent  feature  (Na  0-line  and  higher  lying 
excited  state  Na  transitions)  which  is  usually 
between  1.1  and  1.2  for  the  Na  0-line,  and  corres¬ 
ponds  to  1.6  for  the  5s^S  -  5p^P  transition  whose 
emission  is  also  depicted  in  Figure  7.  The 
theoretical  maximum  value  for  the  ratio  associated 
with  pure  fluorescence  based  on  a  lossless  single 
reflection  is  2.  When  the  experimental  conditions 
are  not  favorable  for  formation  of  the  gain  medium, 
we  measure  significant  losses  for  the  reflected 
light  (a  negative  in  Eq.  (2))  employing  the  same 
methods  we  have  used  to  demonstrate  the  gain  in 
Figure  7.  The  Na  atom  transitions  at  X  »  569  nm 
(a  A.  0.1-0.15),  X  «  616  nm  (a  'v  0.03-0.05/cm),  and 
X  ^  819  nm  (a  0.02-0.03/cm)  have  all  been  shown 
to  demonstrate  gain.  The  a  values  given  in 


parentheses  are  meant  to  represent  typical  values 
determined  from  Eq.  2  using  L  -  5  cm. 


In  a  second  series  of  more  complex  gain  roeas* 
urements  we  have  determined  gain  on  the  emission 
lines  from  a  sodium  discharge  lamp.  Using  a 
configuration  described  in  more  detail  else¬ 
where.^*^  we  have  measured  the  enhancement  of  the 
Na  4d^D  -  3p^P  emission  line  (or  other  sodium 
transitions)  which  can  be  evaluated  by  singling  out 
the  transition  of  interest  with  a  10  nm  bandpass 
filter.  Under  working  experimental  conditions, 
using  the  selected  569  nn  output  from  the  lamp,  we 
have  measured  a  calibrated  gain  close  to  3.6Z. 
Calibrated  gains  associated  with  the  amplification 
zone  which  are  in  excess  of  5%  have  been  achieved 
in  a  few  cases.  Preliminary  measurements  at  616  nm 
indicate  a  lower  gain,  on  the  order  of  1.2  1.5%. 

These  measured  gains  using  the  lamp  based  optical 
configuration  are  believed  to  represent  lower 
bounds  to  the  true  values  due  to  the  significant 
radial  extent  (cross  sectional  area)  of  the  lamp 
output  which  intersects  a  much  smaller  mixing  zone 
and  gain  medium.  When  the  569  nm  light  exiting  the 
gain  medium  is  focused  onto  the  entrance  slit  of 
the  monochromator,  the  measured  gain  is  diluted  by 
the  missmatch  in  cross  sectional  area  as  not  only 
the  gain  zone  but  also  regions  of  negligible  gain 
and  even  absorption  (pumping  of  3p^P  level)  are 
monitored. 


We  have  also  tised  the  output  from  a  high 
resolution  ring  dye  laser  to  carry  out  laser  gain 
measurements  in  a  frequency  scanning  mode  (laser 
calibrated  with  iodine Upon  scanning  the 


ring  dye  laser  through  the  region  encompassing  the 
569  nm  feature,  we  record  a  gain  in  excess  of  1.5% 
for  the  Na  4d^D5/2  “  3p^P3/2  transition. This 
percent  laser  gain  also  represents  a  lower  bound 
determination^*^  of  the  single  pass  amplification. 
This  results  because  (1)  the  bandwidth  of  the  ring 
dye  laser  (effective  linevidth  'v  40  MHz)  is 
considerably  smaller  than  the  width  of  the  569  nm 
Na  -  3p2p  stimulated  emission  gain  profile 

2GHz)  and  U)  the  precise  overlap  of  the  sharply 
defined  laser  output  beam  and  the  amplification 
zone  is  tenuous. 


These  three  distinct  gain  measurements  clearly 
demonstrate  the  formation  of  an  energy  transfer 
pumped  sodium  atom  laser  amplifier.  The  magnitude 
of  the  gain  is  probably  best  represented  by  the 
results  obtained  with  the  Roll-Mentel  configura¬ 
tion.  However,  it  is  important  to  note  that  these 
determined  gain  values  correspond  to  a  single-pass 
through  the  amplification  zone.  The  effective 
gain  in  an  oscillating  full  cavity,  influenced  both 
by  the  increased  rate  of  loss  of  the  population 
inversion  due  to  the  stimulated  emission  process 
and  by  the  nature  of  reactant  mixing  and  energy 
transfer  in  the  amplification  zone,  will  be  notably 
smaller. 


Ampliflcetlan  Zone 

The  flow  configuration  depicted  in  ?ig.  6 
produces  the  longest  path  length  SiO  metastable 
flame  ( ^  5  +  cm)  thusfar  obtained.  This  entrain¬ 
ment  flow  configuration  was  designed  to  create 
large  concentrations  of  SiO  (GeO)  metastables 
intersected  at  90®,  in  subsonic  flow,  by  a  high 
concentration  of  sodium  atoms.  The  choice  of 


entrainment  gas  for  the  vast  majority  of  the 
initial  experiments  has  been  helium  or  argon  for 
both  the  silicon  and  sodium  flows,  however,  these 
gases  have  been  replaced  by  N2  and  soon  will  be  at 
least  partially  converted  to  a  mixture  of  N2  and  CO 
in  an  attempt  to  carefully  modify  the  chemistry  of 
the  amplification  zone.  The  configuration  of  Fig. 

6  has  also  been  designed  so  that  the  entrained 
silicon  and  sodium  flows  can  be  moved  in-situ 
relative  to  each  other  and  hence  with  respect  to 
the  reaction  -  energy  transfer  -  amplification  zone 
to  optimize  conditions  for  formation  of  the  gain 
medium.  In  developing  the  crossed  interaction  zone 
to  its  full  extent,  we  have  been  concerned  with  the 
optimization  of  reactant  mixing  considering  the 
rate  limiting  effect  of  the  silicon  concentration, 
the  importance  of  virtually  complete  sodium  atomi¬ 
zation,  and  the  confinement  of  the  reactants  and 
receptors  to  the  cavity  axis  region.  With  the 
silicon  source  temperature  monitored  by  optical 
pyrometry,  we  estimate  the  Si  atom  concentration  in 
the  amplification  zone  as  a  minimum  of  10^^/cc  for 
all  studies  involving  gain  measurement.  The  N2O 
oxidant  concentration  exceeds  5  x  10^^/ cc  and  the 
SiO  roetastable  concentration  exceeds  10^^/cc. 

Based  upon  the  Na  source  temperature,  the  measured 
rate  of  expenditure  of  sodium  from  the  source 
exceeds  l0^®/cm^-sec  in  the  reaction  zone,  which 
corresponds  to  a  density  of  order  10 “/cc.  The 
reactant  and  entrainment  flows  must  also  be 
controlled  so  as  to  protect  the  cavity  windows  from 
the  condensation  of  metastable  silicon  or  germanium 
oxide  and/or  sodium.  This  latter  requirement  is 
met  (Fig.  6),  in  part,  using  ’*self  cleaning’* 
optical  windows^^  with  a  protective  helixim  (not 
argon)  flow.  The  "rate  limiting"  silicon 
concentration  signals  a  focus  on  the  modification 
of  the  oven  source  configuration  depicted  in  Figure 
6  so  as  to  continually  improve  the  silicon  atom 
flux  as  well  as  the  flow  conditions  whereby  this 
reactant  is  transferred  to  the  react ion -energy 
transfer-amplification  zone. 

The  mixing  zone  of  Fig.  6  is  greatly  stabil¬ 
ized  by  the  moderate  sized  (  'v  15  cubic  feet) 
ballast  separating  the  150  cfm  pump  and  reaction 
chamber.  The  90®  intersection  of  the  SiO  (GeO)  and 
Na  atom  flows,  once  stabilized,  can  be  used  to 
clearly  establish  a  continuous  lasing  action, 
however,  this  is,  by  no  means,  the  ideal  mixing 
configuration.  We  have  now  constructed  and  are 
attempting  to  test  and  optimize  devices  which  allow 
the  concentric  mixing  of  Si,  Na,  and  N2O  flows  so 
as  to  replace  the  90®  intersection  of  the  entrained 
SIO  and  Na  flows. 

Full  Cavity  Neaauremmiits  -  The  Indication  of 
Oscillation 

Using  the  90®  intersecting  flow  configuration 
we  replace  the  gain  measurement  system  with  a  full 
mirror  laser  cavity  in  which  the  output  coupling 
(1"  diameter  mirror)  corresponds  to  0.2%.  We 
employ  the  same  1"  diameter,  99.9%  reflector  as 
used  in  the  gain  evaluation  studies,  and  operate 
the  system  under  near  optimum  reactive  flow 
conditions  in  a  stable  cavity  configuration  with 
g.g2  0.82.  We  find  that  the  ratio  of  the  output 
for  full  cavity  operation  to  that  obtained  with  a 
blocked  high  reflector  (Figure  8)  exceeds  10^. 
Compare  this  also  to  the  signal  level  observed 
(Fig.  8)  with  the  blocked  high  reflector  and  that 


monitored  with  a  completely  blocked  detector.  This 
result  clearly  indicates  continuous  full  cavity 
laser  oscillation  in  the  Si0“sodium  system. 


If  we  operate  the  0.2Z  output  coupled  cavity 
below  threshold,  monitoring  a  dominantly  fluores¬ 
cent  process,  the  ratio  of  full  cavity  to  single 
pass  output  (blocked  high  reflector)  is  found  to  be 
slightly  greater  than  1.8  for  the  Na  D-line  (3p^P  - 
3s^S).  This  value  should  be  compared  to  a  maximum 
of  1.2  for  a  much  more  lossy  4.5+^  output  coupled 
device  (gig2  0.56).  In  fact,  a  maximum  (full 
cavity/ blocked  reflector)  ratio  of  order  1.9-1.95 
is  typical  for  all  those  wavelengths  considered 
(  X  -  569,  616,  Na  D-line)  when  conditions  in  the 
reaction-amplification  zone  are  such  that  no  gain 
is  monitored.  We  have  also  observed  intermediate 
behavior  associated  with  the  establishment  of 
moderate  but  not  optimal  gain  conditions. 


Improvement  of  the  Boergy  Transfer  Based 
Configuration  -  Ultimate  Goals 

The  current  results  are  exciting  not  only 
because  they  demonstrate  lasing  action  in  the 
visible  region  but  also  because  they  should  be 
substantially  enhanced  with  several  improvements  in 
the  manner  in  which  the  lasing  medium  is  created 
and  the  laser  output  is  extracted  from  the  cavity. 
It  remains  to  increase  both  the  rate  limiting 
silicon  and  sodium  atom  concentrations  in  the 
reaction  zone  while  maintaining  atomization.  A 
logical  way  to  approach  this  problem  involves  the 
conversion  of  the  intersecting  flow  configuration 
of  Figure  6  to  a  concentric  interaction 
configuration.  We  are  currently  testing  and 
modifying  the  two  designs  depicted  in  Figs.  9(a) 
and  (b)  as  a  means  of  attaining  higher  reactant  - 
amplifying  medium  concentrations.  These  two 
designs  attempt  to  create  a  more  efficient  mixing 
of  those  constituents  forming  the  amplifying 
medium.  In  both  designs,  the  sodium  source  is  now 
placed  directly  above  the  silicon  source,  however, 
the  designs  differ  in  the  sequence  in  which  they 
introduce  the  reactants.  The  design  of  Figure  9(a) 
first  creates  the  SiO  metastables  through  the  Si- 
N2O  reaction  and  subsequently  interacts  the. 
entrained  metastables  with  an  entrained  Na  flow. 

In  the  slightly  modified  design  of  Fig.  9(b)  we 
attempt  to  premix  concentric  entrained  flows  of 
silicon  and  sodium,  oxidizing  the  mixture  with  N2O. 
The  two  designs  depicted  in  Figure  9  both  result  in 
a  substantial  enhancement  of  reactant  concentration 
and  mixing  as  evidenced  especially  for  the 
configuration  of  Fig.  9(b)  by  the  significant  100 
fold  increase  in  light  emission  from  the  reaction 
zone  as  monitored  through  a  side-angle  viewing  port 
(Fig.  6).  However,  they  also  produce  a  significant 
increase  in  particulate  matter  and  gas  phase 
condensibles  for  which  the  current  pumping  system 
does  not  appear  to  be  well  suited.  These 
condensibles  have  the  attendant  affect  of  degrading 
cavity  windows,  substantially  increasing  loss 
elements  in  the  optical  train.  With  some 
modification  of  the  pumping  system,  the  realignment 
of  entrainment  flows,  the  modification  of 
entrainment  gases  to  best  suit  the  chemistry  of  the 
system,  and  the  adjustment  of  window  protecting 
flows,  these  problems  should  be  greatly  alleviated. 


The  increase  of  reactant  concentrations  may 
lead  to  a  leveling  off  and  eventual  loss  of  the 
gain  condition  if  self-absorption  on  the  Na  D-line 
transitions  becomes  a  dominant  factor  or  SiO 
triplet  self -quenching  begins  to  play  a  deleterious 
role.  Evidence  is  obtained  for  some  self¬ 
absorption  at  the  highest  sodium  concentrations 
when  the  alkali  atom  production  dominates  the 
concomitant  SiO  metastable  production.  With  our 
sodium  atom  source  operated,  in  the  absence  of 
interacting  silicon  or  N2O,  at  the  temperatures 
which  we  have  employed  to  produce  the  highest  flux 
densities  in  the  amplification  zone,  we  have 
measured  the  attenuation  of  the  Na  D-line  emission 
from  a  sodium  discharge  lamp.  We  find  an 
attenuation  which  is  much  less  than  50Z.  In 
combination  with  the  cross  section  for  self 
absorption,  4  x  10”^^  cm^,  as  measured  by  Ermin  et 
al.,”^^  this  suggests  a  sodium  atom  concentration 
close  to  that  estimated  previously.  Of  course,  in 
the  presence  of  N2O  and  silicon  reactants,  the 
attenuation  due  to  self  absorption,  while 
evidenced,  is  considerably  diminished  ('^^  5  -  10%). 

Although  concern  with  the  possible  deleterious 
effect  which  a  pumping  of  the  Na  D-line  might  have 
on  transitions  terminating  in  the  3p^P  level  is 
somewhat  alleviated  in  the  present  system  by  the 
sodium  discharge  experiments  of  Tribilov  and 
Shukhtin,^^  and  the  0.01  second  duration  laser 
pulse  for  the  Na  4s^S  -  3p^P  infrared  transition 
observed  by  Mishakov  and  Tkachenko^^  as 
quasicontinuous  lasing,  it  must  eventually  limit 
the  size  of  the  laser  systems.  However,  this  might 
be  forestalled  to  great  degree  if  we  take  advantage 
of  the  efficient  quenching  of  Na  3p^P  atoms  which 
Tanarro  et  al.^^  have  demonstrated  for  N2  and  CO. 

In  fact,  if  we  replace  the  Si-SiO  and  Na  entraining 
argon  or  helium  gases^»^  with  N2,  we  observe  a 
pronounced  effect  on  the  energy  transfer  spectrum 
(Fig.  10)  taken  for  an  intermediate  sodium  flux. 
While  the  569  nm  feature  is  dominated  by  the  Na  D* 
line  emission  when  argon  is  used  as  an  entrainment 
gas,  its  intensity  can  be  made  to  exceed  that  of 
the  D-linc  when  N2  is  used.  This  result,  obtained 
and  repeated  for  successive  scans  taken  during  the 
same  experimental  run,  suggests  the  possibility 
a  considerable  enhancement  of  the  569  nm  output. 

This  improvement  might  well  result  from  the 
quenching  of  Na  3p^P,  however,  it  might  also  result 
from  an  increased  inhibition  of  the  Na  +  N2O  NaO 
■h  N2  reaction  as  the  equilibrium  is  forced  toward 
reactants. 

There  is  reason  to  believe  that  the  extension 
of  this  chemistry  will  provide  further  improvements 
in  the  system.  It  is  desireable  that  we  insure  tne 
efficient  oxidation  of  silicon  atoms  by  N2O, 
however  the  subsequent  reaction  of  N2O,  whether  in 
excess  or  scattered  by  the  flow,  with  those  Na 
atoms  to  which  we  wish  to  transfer  energy  is 
clearly  undesireable.  This  can  be  prevented  in 
large  part  if  these  N2O  molecules  are  allowed  to 
react  with  CO.  To  enhance  this  possibility,  and 
with  an  eye  to  improving  the  quenching  results 
depicted  in  Figure  10,  we  will  soon  operate  our 
system  with  the  simultaneous  CO  entrainment  of 
sodium  and  the  N2  entrainment  of  silicon. 

The  experiments  conducted  thus far  have  made 
use  of  only  two  distinct  output  coupling 
configurations.  As  well  as  improving  reactant 


concentrations,  the  optimum  output  coupling  for  the 
current  cavity  remains  to  be  evaluated.  Finally, 
we  have  constructed  a  modification  which  will  allow 
removal  of  the  cavity  windows  that  represent 
significant  loss  elements.  With  these 
improvements,  the  output  from  our  full  cavity 
configuration  should  be  substantially  enhanced. 

System  Hodeling 

Recently,  Smith  et  al.^^  have  begun  a  laser 
chemistry  modeling  effort  on  the  SiO-Na  system. 
Starting  with  the  initial  concentrations  of  the 
reactants  Na,  Si,  and  N2O  which  are  achievable  in 
the  present  system  these  authors  have  used  a  model 
which  includes  the  10  possible  processes 

1.  Si+N2Q  SiO*+N2  *  metastable  excited  state 
formation. 

2.  Si+N20  SiO+N2  -  ground  state  formation  • 
power  depleting. 

3.  SiO  +Na  -►  SiO+Na  (4d^D)  -  upper  state 
amplifying  transition. 

4.  SiO'^+Na  ^  SiCHNa^  (3p^P)  -  terminal  level 
amplifying  transition. 

5.  SiO  +SiO  SiO+SiO  -  self  quenching  of  SiO 
metastables. 

6.  Na  (4d^D)  Na*  (3p^P)  +  hv  (569  nm)  - 
spontaneous  emission. 

7.  Na  (4d^D)  +  hv  (569  nm)  ->  Na*  (3p^P)  + 

2hv  (569  nm)  stimulated  emission. 

8.  Na  (3p2p)  +  hv  (569  nm)  Na  - 

optical  pximping. 

9.  Na  (3p2p)  -  Na  Os^S)  +  hv  (589  nm)  - 
spontaneous  emission. 

10.  hv  (569nm)  hv  (569nm)  outcoupling  fraction 
for  569  nm  photons  (laser  cavity  5  cm  in 
length  -  mirror  reflectivities  99.99  and 
99.80%. 

Using  known  kinetic  rates,  variable  initial 
concentrations,  reasonable  and  variable  rates  for 
those  processes  which  have  not  been  directly 
measured,  and  assuming  a  closed  reaction  in  which 
the  reactants  are  not  replenished.  Smith  et  al.^^ 
have  deduced  temporal  profiles  for  the  Na 
concentration,  569  nm  photon  concentration,  energy 
density,  and  power  density.  They  conclude  that 
order  of  magnitude  increases  in  the  initial 
concentration  of  Si  or  N2O  have  a  profound  effect 
on  the  system  (power  density  increase)  whereas 
significant  changes  in  the  Na  concentration  have 
relatively  little  effect.  This  signals  the  rate 
limiting  nature  of  the  silicon  concentration  and 
the  importance  of  the  branching  into  the  metastable 
triplet  states.  It  is  also  to  be  noted  that  a 
significant  increase  in  power  density  may  be  muted 
by  SiO  self  quenching,  the  rate  of  which  certainly 
must  be  established  for  these  systems.  For  the 
diversity  of  initial  reactant  concentrations  and 
rates  used  in  their  model.  Smith  et  al.^^  predict 
output  power  densities  peaking  between  100  (strong 
SiO  self  quenching)  and  7000  mW/cc.  These 
results,  which  will  soon  be  supplesMnted  by  a  more 
detailed  modeling  effort,  are  quite  encouraging. 
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TabU  I 


Ntar  Rasonancai  of  SiO*  and  Salact  Na  and  K  Atomic 

Traniitioni  in  Entrgy  Transftr  Lasar  Pumping^ 


Si0(v‘ 

,v") 

Up  par 

a-X 

E(ca'^)** 

b-X 

Atomic 

Trans,  ii 

Trans. 

:E(ca*l)‘ 

Atom 

Laval 

Na 

.. 

.. 

(l.O) 

294 

(2.1) 

45 

(3.2) 

-209 

Na 

5.2Si/2 

(0,0) 

200 

(2.2) 

177 

(3.3) 

67 

Na 

^<*^05/2. 3/2 

(1.4) 

180 

(0.4) 

-184 

Na 

6.2Si/2 

(4.0) 

155 

(4.1) 

137 

Na 

No 

naar  raaonancaa 

K 

*>*^05/2, 3/2 

(0.5) 

-25 

(2,7) 

60 

K 

(0,3) 

-420 

(0,3) 

20 

K 

(0,5) 

-70 

- 

- 

K 

*<*^05/2, 3/2 

- 

- 

(0,2) 

(4.5) 

-286 

40 

(3.4) 

264 

K 

7.2Si/2 

-- 

(0.3) 

-69 

a.  LLatad  potantlal  raaonancaa  ara  aaant 

to  ba  indieatlva  but  net  ashaustiva. 

b.  ^  Nolacular  laval  anargy  - 

Atom  laval 

anargy.  Poaltlva  quant it las  danota 

asotharmlc 

anargy  tranafar 

Tabla  II 

Naar  Raaonancaa 

of  coo* 

b^-T-X^D*^)  and  Salact  Na 

and  K  i 

atomic 

Transit  Iona  in 

Enargy  Tranafar  Laaar  Pumping* 

GaO(v' , 

.v") 

Uppar 

a-X 

b-X 

Atomic 

Trans.  <iE(cm'M® 

Trans. 

dE(cm-i)*» 

Atom 

Uval 

Na 

3'**®5/2,3/2 

(2.0) 

-367 

(0.3) 

-73 

(3.0) 

250 

Na 

*•**1/2 

(0,2) 

130 

- 

- 

Na 

#•**1/2 

- 

- 

(6.0) 

-180 

Na 

5**»l/2 

- 

- 

(2.0) 

245 

Na 

*^*»5/2.3/2 

— 

— 

(3.0) 

(4.0) 

-401 

293 

t 

*<‘*Os/2.3/2 

(0,0) 

160 

— 

— 

(l.l) 

-195 

t 

M*I>5/2.3/2 

(4.0) 

-149 

(0.2) 

-123 

t 

«»*»l/2 

(0.0) 

tio 

— 

- 

t 

‘"*05/2.3/2 

- 

- 

(2.2) 

-185 

t 

7.*Si/2 

(4,0) 

-240 

(0.2) 

-no 

a.  Liatad  potantlal  raaonancaa  ara  maant  to  ba  Indieatlva  but  not  axhauatlva. 


b.  Holacular  laval  anargy  -  Atom  laval  anargy.  Poattlva  quantltiaa  danota 
asotharmlc  anargy  tranafar. 


Table  III 


Near  Resonances  of  SIO*  (a^E+.b^fl-xlt*)  and  Select  Pb  Atonic  Transitions  in 
Energy  Transfer  Laser  Pumping. 


SiO(v\v**) 


Upper  Atomic  a-X  b-X 

Level  Trans.  AE{cra"^)*  Trans.  AE(cm“^)^ 


Pb 

6p^ 

(0,10) 

192 

— 

— 

Pb 

6p2  Is 

(0.3) 

282 

... 

•  «  ^ 

(l.A) 

-42 

(2.5) 

-436 

Pb 

6p7s  3pg 

(2,0) 

24 

(1,0) 

-117 

(2,1) 

366 

Pb 

6p7s 

(3,0) 

474 

(2,0) 

529 

(3.1) 

269 

(4,2) 

6 

(5.3) 

-260 

a.  Molecular  level  energy  -  Atomic  level  energy.  Positive  quantities 
denote  exothermic  energy  transfer. 


Table  IV 


Near  Resonances  of  GeO*  (a^E^-.b^n-xls-*-)  and  Select  Pb  Atomic  Transitions  in 
Energy  Transfer  Laser  Pumping. 


GeO(v*,v”) 


Upper  Atomic  a-X  b-X 


Atom 

Level 

Trans. 

:.E(cm"^)* 

Trans. 

iE(cm*^)* 

Pb 

6p2  Iq 

(0.6) 

366 

(1.7) 

69 

(2.8) 
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Pb 

6p2  Is 

(3.0) 

-43 

(2.4) 
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(3,5) 

-117 

Pb 

6p7s  2pjj 

— 

... 

(4,0) 

-120 

(5.1) 

415 

Pb 

6p7s  2p^ 

— 

... 

(5,0) 

235 

(6,1) 

-70 

a.  ^  Molecular  level  energy  -  Atomic  level  energy.  Positive  quantities 
denote  exothermic  energy  transfer. 


Table  V 


Near  Resonances  of  SiO*,  GeO*  and  Select 

Cu  Atomic  Transitions  in  Energy  Transfer  Laser  Pumping 


MO*(v’ 

,V') 

Upper 

a-X 

Trans.  E(cm-^)^ 

b- 

■X 

E(cm-l)® 

Atomic 

Trans . 

Atom 

MO* 

Level 

Cu 

GeO 

4p2p3/2 
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(0.1) 

(1.2) 
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(2,3) 

-233 

Cu 

GeO 

4p2pi/2 

(1,2) 

(2,3) 
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15 

(3,4) 

-243 

Cu 

SiO 

*P^P3/2 

(0,2)  171 

(2.4) 

(3.5) 

198 

-15 

(4,6) 

-229 

Cu 

SiO 

4p2p3/2 

— 

(2.4) 

(3.5) 

446 

233 

(4,6) 

19 

(5.7) 

-202 

a.  Molecular  level  energy  -  Atom  level  energy.  Positive 
quantities  denote  exothermic  energy  transfer. 


Table  VI 


Near  Resonances  of  SiO*.  GeO*  (a^E'*’,b^-X^E‘*’)  and  Select  Sn  Atomic  Transitions 
in  Energy  Transfer  Laser  Pumping. 


MO*(v'.v") 

Atom 

MO* 

Upper  Atomic  ' 
Level 

a-X 

Trans.  4E(cm*l)“ 

b-X 

Trans.  4E(cjd'1)« 

Sn 

SiO 

6s5p  2p(j 

(2.0)  343 
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Sn 
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(2.1)  320 

Sn 

GeO 

6s5p  ^P^ 

--- 

(4,0)  -74 

(5.1)  369 

No  near  resonances  of  SiO»  GeO  metastables  with  Sn  ^D2 
d  8613.0  and  Sn  ^Sq  «  17162.6  cm“^ 

a. 

Molecular 

level  energy  - 

Atomic  level  energy.  Positive  quantities 

denote  exothermic  energy  transfer. 


4d*D 


D  ‘  Lines 

3p*P  -  3a*S 


3<l*D-3p’P 


r'  5«*s 


3p*P 


3s*S 


4d*D-3p*P 


560 


Na* 


572  584 


812  817  822nm 


(C) 


5A-3p*P 

_ 

596  608  620  lun 


(a)  (b) 

Figur*  1(a):  Na  atom  antrgy  laval  schema  and  pumping  cyclas  to  produca  Ad^D 
and  5s^S  excited  states. 

Figure  1(b):  Typical  energy  transfer  pumping  spectrum  for  Na  Ad^D  -  3p2p  and 
Ss^S  -  3p2p  transitions  and  3p2p  -  3p^S  sodium  D-line  emission. 
The  D-line  emission  results  both  from  direct  energy  transfer 
pumping  from  ground  state  NaO  and  from  subsequent  fluorescence 
following  emission  to  the  3p^P  level. 

Figure  1(c):  Energy  transfer  pumping  spectrum  corresponding  to  Na  -  3p2p 

transition. 


Figure  2:  Potassium  -  SiO  (a^E'*‘,  b^IT)  near  resonant  energy  transfer  spectrxan 
showing  the  potassium  D  lines,  and  atomic  emissions  corresponding 
to  the  6s-Ap,  5d-Ap,  7s-Ap,  6d-Ap  and  8s-4p  transitions. 
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Figure  3:  Comparison  of  lead  -  Sio  (a^r*,  b^n)  near  resonant  energy  transfer 
spectra.  Metastable  SIO  molecules  were  created  in  the  reaction  Si  + 
N20^Si0*+N2‘  spectrum  corresponds  to  a  portion  of  the  SiO 

metastable  emission  spectrum  before  lead  atoms  are  brought  into  the 
reaction  zone.  (b)  Spectrum  recorded  with  high  Pb  Flux  1  torr 
vapor  pressure)  showing  the  manifestation  of  energy  transfer 
pumping  to  produce  electronically  excited  ^Pq,  ^Pp  ^Sq,  and  ^D2 
levels  of  the  lead  atom.  (c)  Energy  levels  for  the  lead  atom 
with  observed  transitions  as  indicated  in  (b).  See  text  for 
discussion. 
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Figure  4: 


Copper  -  SiO  b^H)  near  resonant  energy  transfer  spectra 

generated  from  a  "premixed'*  Si-Cu  mixture  subsequently  oxidized 
with  N2O.  (a)  Spectmm  showing  a  portion  of  the  SiO  metastable 
emission,  the  Cu  ^P3/2*^^5/2  emission  line  (copper  vapor 

laser)  and  the  Cu  ^P3/2  l/2*^^3/2  yellow-orange  emission  features, 

(b)  Energy  levels  for  tfte  copper  atom  with  observed  transitions  as 
indicated  in  (a).  See  text  for  discussion. 
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Figure  S(a):  Gain  Masureaent  configuration  after  Roll  and  Hentel  (ref.  27  ). 

The  region  aarked  L  in  the  figure  corresponds  to  the  reaction  - 
amplification  tone. 

Figure  5(b):  Laser  cavity  configuration  to  characterise  potential  oscillation 
in  the  Si*SiO-Na  systea  at  569  na. 
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Figure  6:  (*)  Sch^atlc  of  roactlon  chaabor  and  vlndova  daflnlng  optical 

train*  ballast  tank  to  nodarata  puaplng  fluctuations*  and  pumping 
configuration,  for  aatandad  path  langth  Si-SiO  (Si-N20)-Na  raaction 
amplification  sons.  (b),(c)  Sida  and  ovarhaad  viaws  of  raaction 
chambar  showing  positioning  of  Si  ovao  sourca*  ralativa  locations 
of  Si  and  Na  ovan  sourcas*  oxidant  injaction  systam*  and  ralativa 
positions  of  thasa  davieas  with  raspact  to  tha  optical  train. 
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Figure  7(a):  Single  pass  continuous  amplified  spontaneous  emission  (ASE) 

intensity  (Ij)  measured  using  a  Spex  1  meter  spectrometer  and 
RCA  48A0  phototube  and  the  gain  configuration  depicted  in  Figure 
3(a)  for  the  Si-SiO-Na  system.  Spectral  resolution  is  1  nm. 
Because  the  figure  is  uncorrected  for  photo- tube  response, 
decreasing  from  510  to  630  nm,  or  grating  blaze  (500  nm),  the 
emission  associated  with  the  6ah  -  3p2p  transition  appears  more 
intense  than  that  associated  with  the  5x^3  -  3p^?  transition. 

Figure  7(b);  Double  pass  continuous  amplified  spontaneous  emission  (ASE) 
intensity  (I2)  measured  using  the  gain  configuration 
depicted  in  Fig.  3(a)  for  the  Sl-SlO-Na  system.  The  Na  D-line 
intensity  is  comparable  to  that  in  Fig.  5(a).  The  ratio  of  the 
I2/I1  Intensity  for  the  569  nm  Na  emission  feature  is  2.6/1 
for  this  individual  study  and  can  approach  3.8/1  under  optimal 
conditions  for  the  system.  Spectral  resolution  is  'v  1  nm 
(see  (a)). 
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Figure  8:  Full  cavity  output  created  with  'v-  0.2Z  output  coupling  for  the 
continuous  Si-Si0(Sl-N20)-Na  amplifier  at  A  »  569  nm.  These 
measurements  were  taken  in  continuous  flow  with  the  cavity 
configuration  depicted  in  Fig.  6(b).  The  full  cavity  output  is 
compared  to  the  obtained  with  both  a  blocked  high  reflector  and 
with  the  entire  cavity  isolated  from  the  signal  detection  system. 
The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtained  with  a  blocked  high  reflector  exceeds  10^/1. 


Figure  9(a):  Concentric  configuration  for  energy  transfer  pumping.  The 

sodium  oven  is  placed  above  the  silicon  oven.  The  oxidant  N2O 
is  introduced  into  the  silicon  flow  to  form  SiO*  which  then 
interacts  with  sodium  vapor.  The  energy  transfer  zone  is 
approximately  1"  above  the  silicon  oven. 

Figure  9(b):  Concentric  configuration  for  energy  transfer  pumping  with  a 

sodium  and  N2O  injector  nozzle  array  placed  above  the  silicon 
oven.  In  this  configuration  the  sodium  and  silicon  are  mixed 
before  the  oxidant  is  introduced  to  initiate  the  energy 
transfer  process. 
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Figure  10;  Energy  transfer  pumping  spectra  obtained  for  (a)  Ar  and  (b)  N2 

entrainment.  The  observed  Na  Ad^D-3p^P  emission  feature  ('\<569nm) 
is  seen  to  increase  precipitously  in  intensity  relative  to  the  Na 
3p^P-3s^S  D-line  ('tSOOnm)  with  change  of  entrainment  gas  from 
argon  to  N2*  See  also  Fig.  1. 
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Laser  induced  fluorescence  and  radiative  lifetimes  of  the  low-lying 
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At  the  fringes  of  the  visible  region,  two  low-lying  1  (fl  =  1)  electronic  states  A'Sll  and  afll  of 
gaseous  AgF  located  -'4300  cm"*  below  the  previously  known  lowest  excited  .40"^  state  have 
been  excited  for  the  first  time  in  a  silver  vapor-fluorine  reaction  system.  The  A*ti\-X  *2”^  and 
a  ni-Jf  *2“^  band  systems  (also  observed  in  chemiluminescence)  have  been  excited  and  studied 
using  pulsed  laser  induced  fluorescence  spectroscopy.  The  band  system  associated  with  the 
A'SlUX  *2“^  transition  has  been  rotationally  analyzed.  The  UV  fluorescence  of  the  ^0^  and 
BQ^^-X  *2^  transitions  has  also  been  excited.  The  radiative  lifetimes  of  these  four  low-lying 
electronic  states  have  been  measured  as  7.1  /xs  (^'fll),  9.1  /xs  (flOl),  240  ns  (^40“*“),  and  21  ns 
( BO'^ ),  respectively,  revealing  that  the  two  ft  =  1  states  are  of  triplet  character,  while  the  two  0*^ 
states  are  of  singlet  character.  The  observed  low-lying  states  of  AgF  appear  to  dissociate  adia- 
batically  to  neutral  atoms  in  contrast  to  the  apparent  dissociation  of  the  low-lying  electronic 
states  in  CuF  to  ion  pairs.  The  observation  of  the  low-lying  1  states  of  AgF  also  indicates  the 
existence  of  similar  stable  1  states  for  the  remaining  silver  halides,  all  of  which  should  absorb 
visible  photons.  Major  molecular  constants  of  the  newly  observed  i4'ftl  state  of  AgF  are 
r^=24 950.71(10)  cm"*,  AGi/2=506.74(8)  cm"*,  5^=0.281  32(15)  cm"*,  Z>e=0.116(60) 

X  10"^  cm"*,  and  1.927  A. 


I.  INTRODUCTION 

In  contrast  to  atomic  oxidation  via  ^4  -f  5C  reactive 
encounters,  the  internal  mode  structure  and  dynamics  as¬ 
sociated  with  the  kinetically  controlled  highly  exothermic 
oxidation  of  metal  molecules  is  largely  unaddressed.  How¬ 
ever,  the  limited  information  which  is  available  demon¬ 
strates  that  these  metal  molecules  can  undergo  a  unique 
and  sometimes  unexpected  reactive  branching.*"^  The 
study  of  this  reactive  branching  can  provide  information 
useful  for  the  development  of  extrapolations  from  simple 
A  -h  BC  reactions  as  well  as  detailed  maps  of  the  quantum 
level  structure  of  product  metal  based  oxides  and  halides 
formed  in  reaction.^ 

Recently,  Devore  et  aL^  have  begun  a  study  of  the  sil¬ 
ver  molecule  (Ag,,  x>2)-ozone  reactions,  correlating  the 
observed  emission  from  these  reactive  encounters  with 
AgO,  Ag2,  and  Agj^O  (x>2)  excited  state  product  forma¬ 
tion.  Here,  we  report  an  experimental  study  of  the  silver 
vapor-fluorine  reaction  system.  We  have  obtained  the  first 
evidence  for  two  stable  1  (ft=l)  states  of  the  gaseous 
silver  monohalide  AgF,  which  lie  -'4300  cm"*  below  the 
previously  known  lowest  excited  ^40"^  state.  The  band  sys¬ 
tems  associated  with  the  i4'ftl-Jr*2'^  (Ref.  7),  aftl- 
jr*2'*^,  AO^-X^I,'^,  and  50^--T*2“^  transitions  have 
been  studied  using  a  combination  of  chemiluminescence 
and  pulsed  laser  induced  fluorescence  spectroscopy  follow¬ 
ing  fluoride  formation  from  the  four  center  Ag2-*F2  reac¬ 
tion. 

The  silver  halide  molecules  AgX  (X=F,  Cl,  Br,  and  I) 
arc  potentially  important  in  the  photographic  process.® 
Their  spectroscopic  study  has  had  a  long  albeit  limited 
history.^*^  The  halide  ground  states  are  highly  ionic  with 
AgCl  and  AgBr,  respectively,  of  52%  (Ref.  15)  and  47% 


(Ref.  16)  ionic  character  and  the  AgF  ground  state  dipole 
moment  being  6.22  D.*^  The  heavy  halides  follow  prima¬ 
rily  Hund’s  case  (c)  coupling.  If  we  assume  a  covalent 
model,  the  ground  state  of  AgF  dissociates  to  Ag^5'|/2 
+  F2/>3/2  ground  state  atoms  whose  combination  generates 
five  molecular  states  0+,  0“,  1,  1,  and  2.  At  slightly  higher 
energy,  the  Ag^Si/2+F^Pi/2  atoms  can  combine  to  yield 
O"^,  0~,  and  1  sutes.  The  ground  state  of  AgF,  identified 
with  symmetry,  has  been  well  studied  by  Barrow  and 
aements'*'‘’  using  UV  absorption  and  by  Hoeft  etui” 
using  microwave  spectroscopy.  The  absorption  spectrum 
of  AgF  reported  by  Barrow  and  Clements  in  Ref.  19  con¬ 
sists  of  a  continuum  transition  at  about  303.0  nm  and  two 
band  systems  originating  from  the  AO'*'  (7’,= 29  220 
cm"')  and  the  BO'*'  (7,= 31  663  cm"')  states,  with  the 
former  dissociating  to  the  Ag^Si/2-l-F^Pi/2  atomic  limit 
and  the  latter  to  the  higher  atomic  dissociation  products 
Ag  ^Pi/2+F  ^P^/2^  Predissociation  has  also  been  observed 
in  high  /  rotational  levels  for  both  the.^O'*’  and  BO"^  states. 
However,  no  transitions  in  the  visible  region  or  stable  elec¬ 
tronic  states  with  fl= 1  symmetry  have  been  reported  pre¬ 
viously  for  any  of  the  silver  halides. 

Furthermore,  striking  differences  have  been  found  be¬ 
tween  the  observed  spectra  of  AgF  (Refs.  18  and  19)  and 
CuF  (Ref  20)  even  though  Cu  and  Ag  have  similar  elec¬ 
tron  configurations  as  a  result  of  their  positions  in  the  pe¬ 
riodic  table.  All  five  observed  low-lying  electronic  states  of 
CuF  are  located  between  14  500  and  22  800  cm" ',  at  much 
lower  energy  than  the  AO"*"  state  of  AgF.  The  lowest  CuF 
electronic  state  identified  is  of  symmetry  (with  com¬ 
ponents  fl=0"  and  1).  The  radiative  lifetimes  of  the  CuF 
states  have  been  found  experimentally  to  be  fairly  long,  of 
the  order  of  one  to  several  microseconds^ even  for  the 
reported  singlet-singlet  transitions.  This  behavior  has  been 
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FIG.  1.  ExperimenUl  setup  for  chemiluminescence  and  laser  induced 
fluorescence  spectroscopy. 

explained  with  ab  initio  calculations^^^*  within  a  frame¬ 
work  in  which  all  observed  bands  of  CuF  are  assigned  to 
transitions  between  the  excited  Cu‘''(3d’4r)F“(2p‘)  struc¬ 
ture  and  the  closed-shell  Cu‘'’(3,d‘°)F~(2/!*)^ 'S'*" 
ground  state  ion  pair.  These  transitions  correspond  to  for¬ 
bidden  3</-4i  electron  transfers  in  the  Cu'*’  atomic  limit. 

It  seems  apparent  that  the  observation  of  additional 
low-lying  electronic  states  in  AgF  and  the  measurement  of 
the  radiative  lifetimes  for  several  of  the  low-lying  states  of 
the  AgF  molecule  can  provide  key  information  which  can 
be  used  to  better  understand  differences  and  correlations  in 
both  the  spectral  and  electronic  properties  of  CuF  and 
AgF.  These  lifetime  measurements  are  also  important  as 
they  characterize  predissociations.  In  obtaining  the  first 
evidence  for  two  stable  fi= 1  states  of  AgF,  we  have  rota- 
tionally  analyzed  the  A'Cll~X  'S"'’  transition.^  The  radia¬ 
tive  lifetimes  of  the  four  observed  low-lying  electronic 
states  of  AgF  have  also  been  measured.  The  spin  charac¬ 
ters  and  the  dissociation  limits  of  these  low-lying  states  are 
discussed.  The  internal  energy  distribution  of  the  reaction 
product  AgF  molecules  and  the  possible  reaction  paths  to 
produce  excited  and  ground  state  AgF  are  also  considered. 
Our  spectroscopic  analysis  of  the  A'(ll-X  transition  is 
presented  in  detail  elsewhere.^ 

II.  EXPERIMENT 

AgF  molecules  were  generated  in  reactive  encounters 
under  multiple  collision  conditions  as  a  helium  entrained 
silver  flow  was  intersected  by  molecular  fluorine.  The  over¬ 
all  experimental  configuration  is  depicted  schematically  in 
Fig.  1.  The  entrainment  flow  device  used  in  this  study  has 
been  described  in  detail  previously.^  Briefly,  silver  metal 
was  heated  in  a  graphite  crucible  to  temperatures  in  the 
range  close  to  1600  K.  The  silver  flux  emanating  from  the 
crucible  was  entrained  in  a  flow  of  helium  gas  at  a  total 
pressure  of  1  Torr.  The  fluorine  gas  was  introduced  into 
the  entrained  silver  flow  through  a  concentric  ring  inlet 
located  1  cm  above  the  crucible.  A  chemiluminescence 


flame  was  generated  in  the  reaction  zone  which  could  be 
dispersed  by  a  0.75  m  Spex  1702  monochromator,  operated 
in  first  order  with  a  1200  groove/mm  grating  blazed  at  500 
nm,  and  positioned  at  right  angles  to  the  reactant  flow 
signals  being  detected  with  an  RCA  1P28  photomultiplier. 
The  photomultiplier  (PMT)  signal  was  fed  to  a  Keithley 
417  autoscale  picoammeter  and  recorded  with  a  personal 
computer. 

In  order  to  carry  out  the  laser-induced  fluorescence 
(LIF)  experiments,  the  second  harmonic  of  a  Quanta-ray 
Nd:YAG  laser  (0.53  /i)  was  used  to  pump  a  Spectra- 
Physics  PDL-3  pulsed  tunable  dye  laser  system  operated 
with  DCM  or  LD698  dye.  The  output  of  the  pulsed  dye 
laser  (with  a  linewidth  of  0.07  cm~'  and  a  pulsewidth  of  9 
ns)  was  then  either  mixed  with  the  fundamental  output  of 
the  YAG  laser  or  frequency  doubled  in  a  frequency  mixer 
(Quanta-Ray  WEX-1)  to  produce  the  UV  (in  the  range 
310-410  nm)  coherent  radiation  which  was  introduced  to 
the  reaction  chamber  in  a  direction  perpendicular  to  both 
the  reactant  flow  and  detector.  The  YAG  laser  was  trig¬ 
gered  by  a  digital  pulse  generator  (SRS  DG535)  with  a 
repetition  rate  of  15  Hz.  The  Q-switching  signal  of  the 
YAG  oscillator  was  used  to  trigger  a  boxcar  integrator 
(SRS  SR250)  for  better  synchronization.  The  fluorescence 
induced  by  the  UV  laser  pulse  was  collected  with  a  RCA 
1P28  photomultiplier  (2.2  ns  rise  time)  and,  through  a  fast 
preamplifier  (CLC  1(X)  Video  Amplifier,  500  MHz),  sent 
to  the  gated  integrator  to  record  the  spectrum  as  a  function 
of  the  laser  frequency.  A  fast  digital  oscilloscope  (HP 
5411  ID,  0.7  ns  rise  time)  was  used  to  real  time  monitor 
and  record  the  fluorescence  decay.  The  integration  gate 
was  set  to  a  proper  width  in  the  range  from  20  to  300  ns 
dictated  by  the  nature  of  the  monitored  fluorescence  decay 
with  a  delay  timed  such  that  the  gate  opens  just  after  the 
short  laser  scattering  pulse,  thus  reducing  background 
noise.  A  personal  computer  drives  the  dye  laser  stepper 
motor,  scanning  the  dye  laser  frequency  and  acquiring  the 
averaged  output  data  from  the  boxcar  synchronously.  In 
order  to  achieve  a  linear  scan  in  wavelength  when  the  dye 
laser  frequency  was  mixed  with  the  infrared,  the  scan  step 
size  of  the  dye  laser  was  calculated  in  real  time  using  the 
PC.  The  output  frequency  of  the  WEX-1  was  calibrated 
using  aluminum  atom  lines.^ 

III.  SPECTROSCOPY  AND  RADIATIVE  LIFETIMES 

An  overview  of  the  chemiluminescent  emission  from 
the  silver  vapor-fluorine  molecule  reaction  is  depicted  in 
Fig.  2(a).  The  peak  at  342  nm  is  readily  identified  as  the 
(i>',u")  =  (0,0)  band  of  the  A0'*'-X  'S’*"  transition  of  AgF. 
However,  the  spectrum  is  dominated  by  intense  vibration- 
ally  resolved  structure  due  to  the  A'fil-X  ’X'*'  band  sys¬ 
tem  observed  for  the  first  time  as  a  result  of  the  silver 
molecule-molecular  fluorine  reaction.  Figures  2(b)  and 
2(c)  display  two  detailed  views  of  the  regions  near  400  and 
409  nm  and  reveal  two  of  the  weaker  features  associated 
with  a  second  system  which  we  label  and  correlate  with  an 
afll-X  'i'*'  transition.  As  Fig.  3(a)  demonstrates,  both 
the  A'Cll-X  'S'*’  and  uftl-Jf  'Z'*'  band  systems  can  be 
excited  with  the  output  from  a  pulsed  dye  laser  scanning 
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FIG.  2.  (a)  Overview  chemilumineacenoe  spectrum  for  the  reaction  Agj 
AgF*+AaF  at  a  resolution  of  5  A.  (b)  Chemiluminescence  spec¬ 
trum  for  the  reaction  Agj+Fj-^  AgF* + AgF  in  the  region  near  400  nm  at 
a  resolution  of  0.1  A.  (c)  Chemiluminescence  spectrum  for  the  reaction 
Ag2+F2-»AgF*+AgF  in  the  region  near  409  nm  at  a  resolution  of 

0.1  A. 

through  the  region  about  400  nm.  Figure  3(b)  depicts  a 
simulation  for  the  (0,0)  band  of  theA*-X  system.  Both  the 
CL  and  LIF  signals  associated  with  the  structure  in  Figs.  2 
and  3  correlate  with  the  Ag  vapor  concentration  and  flu¬ 
orine  gas  pressure.  These  measured  band  separations  agree 
well,  wit^  experimental  error,  with  the  known  vibra¬ 
tional  separations  for  the  ground  X  *2“^  state  of  *®^AgF 
given  by  Barrow  and  Clements.*^  Based  on  this  compari¬ 
son,  one  can  tentatively  attribute  the  observed  structure  to 
a  transition  of  the  AgF  molecule  originating  from  a  newly 


FIG.  3.  (a)  Pulsed  laser  induced  fluorescence  spectrum  of  the  i4'ni- 
X  (0,0)  band  of  AgF.  The  intensity  anomalies  are  due  to  the  super¬ 
positions  of  the  R  branch  and  the  Q  branch  peaks,  (b)  Computer  simu- 
Ution  oftht  A'Cil-^X  ‘2+  (0.0)  band  of  AgF. 

observed  A'  electronic  state.  Using  LIF,  we  identify  this 
electronically  excited  state  as  an  0==!  state.  The  vibra¬ 
tional  assignment,  as  listed  in  Table  1  and  shown  in  Fig. 
2(a),  can  be  readily  obtained  and  further  confirmed  with 
dispersed  laser  induced  fluorescence. 

A  Rotational  analysis  of  the  A'OI-X  ^2*''  band  sys¬ 
tem 

Figure  3(a)  corresponds  to  the  rotationally  resolved 
LIF  spectrum  for  the  (i;',y'')  =  (0,0)  band  of  the  A*(ll- 
X^i'^  band  system  which  we  computer  simulate  in  Fig. 
3(b).  These  features  are  considered  in  more  detail  else¬ 
where.’  The  LIF  spectrum  corresponding  to  the  {v\v'') 

TABLE  I.  Meisured  vibrational  separations  of  the  ground  state  of 

AgF  observed  by  chemiluminescence  and  laser  induced  fluorescence.  Also 
listed  are  the  experimental  data  obtained  by  Barrow  et  aL  in  Ref.  19  (for 
‘^’AgF). 


V 

AG  (Ref.  19) 
(cm“*) 

AG  (Observed  by  CL) 
(cm‘‘) 

AG  (Observed  by  LIF) 
(cm"‘) 

0 

1 

508.26:1:0.04 

509.6  ±6 

508.14  ±0.1 

503.08  :fe  0.04 

500.7  ±6 

2 

3 

497.89±0.04 

491.6:^6 

4 

485.5  ±6 
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TABLE  11.  Molecular  constants  of  tb?*  4'ni  state  of  ‘°^AgF.  The  vibra¬ 
tional  and  rotational  constants  for  ^  are  calculated  from  the  ones  of 
'°^AgF  with  the  formulas  given  in  the  nnote.  All  numbers  arc  in  cm"‘ 
except  for  r,  * 


""AgF 

""AgF* 

T. 

24  950.71(10) 

24  950,71(10) 

A(7j/2 

506.744(80) 

506.041 

B, 

0.281  32(15) 

0.280  54 

a. 

0.404  4(89)  X 10-2 

0.402  7x10-2 

0. 

0.116(60)Xl0-‘ 

0.115x10-* 

H. 

-0.4O3(83)Xl0-'‘’ 

-0.400x10-'“ 

r,  (A) 

1.927 

1.927 

■The  numbers  in  parentheses  are  la  uncertainties. 

following  formulas  are  used:  Og^p^D,, 

p^—p/p\  where  p  and  p'  are 
the  reduced  masses  of  the  two  isotopes.  For  ‘°’AgF  and  ‘^AgF, 
p=  1.001  39. 


FIG.  4.  Pulsed  laser  induced  fluorescence  spectrum  of  the  A'CIUX  '2^ 
(1.0)  band  of  AgF. 

=  ( 1,0)  and  (2,1)  bands  of  the  system  have  also  been 

observed  and  are  depicted  in  Figure  4.  The  two  weak  peaks 
at  401.39  [also  observed  in  CL  in  Fig.  2(b)]  and  393.33  nm 
in  Figs.  3(a)  and  4  cannot  be  assigned  to  the  A'CiX  elec¬ 
tronic  state  and  are  associated  tentatively  with  a  second 
fl  =  l  state  based  on  the  atomic-molecular  correlations 
which  we  consider  shortly.  The  rotational  spectra  for  the 
A*  system  show  typical  blue  degraded  rotational  progres¬ 
sions  with  clear  P  heads  to  the  red,  indicating  that  the 
upper  electronic  state  has  a  larger  rotational  constant 
than  does  the  ground  state.  Two  rotational 

branches  (/?  and  Q)  have  been  identified  from  the  blue 
degraded  rotational  structure  labeled  in  Fig.  3.^  Apparent 
intensity  anomalies  result  from  the  superposition  of  the  R 
and  Q  branches  with  the  latter  progressing  slightly  behind 
the  former.  This  conclusion  is  based  on  the  analysis  of  the 
simulation  calculation  depicted  in  Fig.  3(b).  In  analyzing 
the  dispersed  fluorescence  induced  by  pumping  at  the  P 
head  of  the  (i;',i;")  =  (0,0)  band,  we  have  confirmed  the 
vibrational  assignment  for  the  dominant  features  of  the 
chemiluminescent  spectrum  depicted  in  Fig.  2(a)7 

The  electronic  assignment  for  the  dominant  A'-X  sys¬ 
tem  has  been  made  by  considering  the  rotational  transition 
patterns.  In  Hund’s  case  (c),  transitions  with  An=0  and 
fl=fl'=0  are  similar  to  'l-'X  transitions  (with  R  and  P 
branches),  and  transitions  with  An=  1  and  n'=l,  U"=:0 
have  the  pattern  of  'lI-'X  band  systems  (with  R,  Q,  and  P 
branches).^*  Rotational  assignments  for  well-resolved  R 
and  Q  peaks  (Fig.  3  and  Ref.  7)  of  the  A'-X  system  were 
easily  determined  using  the  following  expressions  and  the 
previously  known  ground  state  rotational  constants  given 
in  Ref.  19; 

vx=vo-l- (R;-hR„") (/-I- 1 )  +  (R;- R") {J+ 1  )^  />0, 

(1) 

ve=vo-i-(R>R;)/-i-(R;-R;)A  />i,  (2) 

J>2,  (3) 


where  vj,,  vq,  and  vp  are  the  peak  positions  of  the  R,  Q, 
and  R  branches,  respectively.  /  is  the  lower  state  rotational 
quantum  number  and  R'  and  R"  are  the  rotational  con¬ 
stants  of  the  upper  and  the  lower  states.  The  centers  of  the 
deep  valleys  near  the  R heads  in  Figs.  3(a)  and  4  are  very 
good  approximations  to  the  band  origins  vq.  With  the  vi¬ 
brational  and  rotational  assignments  and  the  ground  state 
molecular  constants  of  '“’AgF  given  in  Ref.  19,  term  val¬ 
ues  for  the  observed  vibronic  levels  were  calculated.  A  set 
of  Dunham  coefficients  consistent  with  the  assignment  of 
anA'm  state  were  obtained  and  are  listed  in  Table  II.  The 
constants  in  Table  II  can  reproduce  all  well-resolved  R  and 
Q  branch  levels  with  a  standard  deviation  of  0. 1  cm~  ‘.  We 
note  that,  under  the  present  experimental  resolution,  no 
fl-type  doubling  has  been  observed  for  the  A'Cll-X  'Z'*" 
transition. 

The  vibrational  and  rotational  constants  of  the  isotope 
'°’AgF  listed  in  Table  II  were  calculated  from  those  of 
'“’AgF  using  the  well-known  formula  for  isotope  effect.” 
The  isotope  splittings  of  the  A'Sll-X  (0,0)  band  [also 
the  AO*,  R0''‘-A'  'Z'*'  (0,0)  bands  as  depicted  in  Fig.  5] 
are  too  small  to  be  resolved  for  those  rotational  levels  ob¬ 
served  under  the  current  experimental  resolution.’  Fur¬ 
thermore,  in  comparing  Figs.  3(a)  and  4,  we  find  that  the 
(v',i>")  =  (l,0)  band  of  the  A'Ol—X  '2'*'  system  is  not  as 
well  resolved  as  the  (v'.v")  =  (0,0)  band  due  to  the  in¬ 
creasing  isotope  splittings  for  higher  vibrational  levels. 

The  rotational  simulation  for  the  A'ni-X  '2'^  (0,0) 
band,  depicted  in  Fig.  3(b),  was  carried  out  assuming  a 
Boltzmann  routional  distribution  (T=495  K)  for  the 
ground  state  and  the  ni-‘2‘^  transition  pattern  (with  R, 
Q,  and  R  branches).  The  determined  rotational  tempera¬ 
ture  r=495  K  may  not  be  an  accurate  measure  of  the 
thermodynamic  temperature  since  Hund’s  case  (c)  mixing 
effects  have  not  been  considered  in  the  calculation.  The 
molecular  constants  for  '“’AgF  given  in  Table  II  were  used 
with  no  isotope  effect  taken  into  account  in  the  calculation. 
The  agreement  of  the  intensity  patterns  for  the  simulation 
and  the  LIF  spectrum  further  confirms  the  electronic  as¬ 
signment  to  a  newly  observed  .4'fll  state.  From  the  mo¬ 
lecular  constants  given  in  Table  II,  calculated  Franck- 
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wavelength  (ANGSTROMS) 


FIG.  5.  Pulsed  laser  induced  fluorescence  spectra  of  (a)  the  A0*~X  'l'*' 
(0,0)  band,  and  (b)  the  B0*-X  '2"^  (0,0)  band  of  AgF. 


Condon  factors  are  found  to  be  in  excellent  agreement  with 
the  CL  intensity  distribution.’ 

B.  The  4ft1-X  '2*  band  system 

The  three  weak  peaks  which  are  located  at  409.5, 
401.39,  and  393.33  nm  as  depicted  in  Figs.  2(b),  2(c), 
3(a),  and  4,  cannot  be  identified  as  vibrational  bands  of  the 
A' SI  l-X  'i*  system  and  are  tentatively  considered  to  orig¬ 
inate  from  another  electronic  state.  Since  no  rotational 
structure  has  been  resolved  for  these  features,  the  elec¬ 
tronic  symmetry  of  the  emitting  state  is  not  clear.  We  can, 
however,  make  a  suggested  assignment  based  on  correla¬ 
tions  between  the  molecular  states  and  their  atomic  limits 
(see  the  following).  The  three  weak  peaks,  located  39,  38, 
and  36  cm"',  respectively,  to  the  red  of  the  P  heads  of  the 
(0,1),  (0,0),  and  (1,0)  bands  of  they4'fll-X  'l*  system, 
have  a  separation  of  508  and  510  cm" '.  The  former  agrees 
closely  with  A<ai/2  (508.26  cm"')  of  the  ground  X  'l* 
state  of  AgF,  while  the  latter  is  similar  to  the  A<»|/2  (506.7 
cm"')  of  thCi^'fll  state.  It  is  also  noted  that  the  409.5  nm 
peak  is  observed  only  in  emission  (chemiluminescence). 
The  401.39  nm  peak  is  observed  both  in  emission  (CL) 
and  LIF  excitation,  while  the  393.33  nm  peak  is  recorded 


TABLE  III.  Molecular  constants  associated  with  (A)  the  A0*-X 
(0.0)  and  (B)  the  B0*-X  '1*  (0,0)  bands  of  “"AgF.  The  Bo  and  A 
values  are  for  the  upper  sutes. 


(A)  /<o*-jr'z* 

(OoO)  band 

This  work 

Ref.  19 

Vo  (cm"') 

29  250.20(1) 

29  250.87 

Bo  (cm"') 

0.272  543(21) 

0.272  68 

A)  (cm-') 

3.61  (7)  xlO-’ 

3.71  X  10"’ 

(B) 

(0,0)  band 

Vo  (cm-') 

31  594.77(2) 

31  594.13 

^  (cm"') 

0.255  47(  10) 

0.255  486 

Do  (cm"‘) 

6.5(±2.0)XI0-’ 

4.72X  10"’ 

only  in  LIF  excitation.  It  appears,  therefore,  very  likely 
that  the  peak  at  401.39  nm  corresponds  to  the  (0,0)  band 
of  an  aSll-X  'S*  transition.  An  electronic  state  with  a 
potential  energy  curve  very  similar  to  that  of  the  A'Sl\ 
state  but  located  about  38  cm"'  below  the  A'Sll  state  is 
suggested.  This  alll  state  also  has,  as  we  outline  shortly,  a 
radiative  lifetime  similar  to  the  /4 'HI  state. 

C.  The  40+,  fl0+-X  '2*  band  systems 

Laser  induced  fluorescence  has  also  been  observed  for 
the  AgF  AO^-X  '2+  (0,0)  and  50+-X  '2+  (0,0)  bands 
in  the  UV  region.  Laser  induced  fluorescence  spectra  are 
depicted  in  Figs.  5(a)  and  5(b),  respectively.  Both  the 
A-X  and  B-X  emission  spectra  show  clear  '2'''-'2''’-like 
features.  The  A-X  (0,0)  band  is  blue  degraded,  whereas 
the  B-X  (0,0)  band  is  red  degraded.  The  molecular  con¬ 
stants  determined  for  these  two  bands  are  tabulated  in  Ta¬ 
ble  III  and  compared  with  those  given  in  Ref.  19.  The  LIF 
intensity  for  these  two  systems  is  considerably  stronger 
than  that  for  the  A‘Si\-X  '2*  transition.  Intense  laser  flu¬ 
orescence  could  be  observed  for  the  A-X  and  B—X  systems 
at  oven  temperatures  just  above  the  sOver  melting  point 
(1234  K),  while  a  considerably  higher  temperature  (1600 
K)  was  needed  to  observe  both  CL  and  LIF  for  the .,4'fll— 
X'2*  transition.  The  (i;',u'')  =  (l,0)  bands  for  both  the 
A0'*'-X  'T*  and  BQ'^-X  '2"''  systems  were  not  observed 
even  with  a  sensitivity  ten  times  higher  than  that  necessary 
to  record  the  (0,0)  bands.  This  is  partly  due  to  unfavorable 
Franck-Condon  factors  and  partly  the  result  of  the  predis¬ 
sociation  of  these  two  states  as  considered  in  Ref.  19. 

D.  Radiative  iifetimea 

Using  a  digital  oscUloscope,  we  have  recorded  the  ex¬ 
ponential  fluorescence  decay  with  a  laser  pump  frequency 
set  at  the  intense  P  heads  of  the  A'Sll-X  '2*  (0,())  and 
^O^-X  'l*  (0,0)  bands  and  the  R  head  of  the  BO*- 
X  'l*  (0,0)  band.  Typical  fluorescence  decay  waveforms 
(an  average  of  ten  laser  shots)  for  the4'fll-X  '2'*’  (0,0), 
AO'^-X  '2*  (0,0),  and  B0*-X  '2*  (0,0)  transitions  are 
shown  in  Fig.  6.  Table  IV  lists  the  measured  radiative  life¬ 
times  for  the  four  low-lying  electronic  states  characterized 
in  this  study  (together  with  several  of  their  other  proper¬ 
ties).  The  fluorescence  decay  of  the  long-lived  A'Sll  state 
has  been  found  to  be  sensitive  to  the  fluorine  gas  pressure. 
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FIG.  6.  Exponential  fluorescence  decay  waveforms,  each  of  which  is  an 
average  of  ten  laser  shots.  The  P  or  R  heads  of  the  following  bands  are 
excited:  (a)  the  AgF  A^ai^X  (0,0)  band  (5  /is/division);  (b)  the 
AgF.40+-Ar  (0,0)  band  (200  ns/division);  and  (c)  the  '2+ 

(0,0)  band  (20  ns/division). 


Under  the  optimal  conditions  for  obtaining  a  LIF  signal, 
fluorescence  decays  ranging  from  12  to  4  /is  (with  an  av¬ 
eraged  value  of  7.1  /is)  were  recorded  when  the  fluorine 
gas  pressure  was  increased.  No  quenching  eflects  have  been 
observed  with  increasing  He  entrainment  gas  pressure  and 
no  pressure  dependence  is  found  to  be  associated  with  the 
shorter-lived  and  B0*-X transitions. 

With  real-time  monitoring  of  the  fluorescence  decay  while 


scanning  the  laser  frequency,  we  find  no  apparent  rota¬ 
tional  dependence  for  the  radiative  lifetimes.  Finally,  we 
should  note  that  since  the  laser  pulse  used  to  induce  the 
fluorescence  has  a  pulse  duration  of  9  ns  [full  width  at 
half-maximum  (FWHM)],  the  build-up  process  for  LIF, 
which  is  virtually  identical  to  the  laser  pulse  rise  time, 
cannot  be  detected  on  the  5  /is/division  and  200  ns/ 
division  time  scales  of  Figs.  6(a)  and  6(b).  However,  the 
build-up  process  is  well  resolved  in  Fig.  6(c)  taken  on  a 
comparable  time  scale  of  20  ns/division. 

iV.  DISCUSSION 

Under  the  conditions  of  the  present  experiment,  the 
four  center  silver  dimer-fluorine  molecule  reaction  is  con¬ 
sidered  to  be  the  dominant  process  for  the  formation  of 
both  excited  and  ground  state  AgF  molecules 

Ag2-|-F2-AgF*(.40+,.4'ni,flni)-|-AgF(jr  *2+),  (4) 

A£=2i)g( Ag-F)  -  /)§( Ag-Ag)  -  /)g(F-F) =4.04  eV. 

(5) 

The  process  (4)  results  in  chemiluminescent  emission 
dominated  by  the  .40"^-^:  and  A'£l\-X  'l*  band  sys¬ 

tems  [Figs.  2(a)  and  2(b)].  The  AgF  A'ill-X  emis¬ 
sion  system  can  also  be  excited  employing  the  reaction  of 
silver  molecules  Ag,  (x>3)  and  fluorine  atoms,’  a  process 
which  we  consider  elsewhere.’ 

The  three  major  band  systems  observed  in  this  study — 
the  A’ill,  AO'*',  and  B0'*'-X  ’X'''  transitions — ^are  Hund’s 
case  (c)  allowed.  However,  as  Table  IV  summarizes,  they 
have  clearly  distinct  and  well-separated  radiative  lifetimes. 
We  can  divide  the  four  low-lying  electronic  states  into 
three  classes,  i.e.,  the  long-lived  A'ill  (7.1  fis)  and  jftl 
(9.1  /is)  states,  the  intermediate  lifetime  AO'*'  (240  ns) 
state  and  the  short-lived  BO'*'  (21  ns)  state.  We  can  at¬ 
tempt  to  understand  this  lifetime  behavior  by  correlating 
these  states  to  ( 1 )  the  spin  characters  of  their  dominating 
Hund’s  case  (a)  components  and  (2)  their  dissociation 
limits. 

The  fl=  1  states  have  three  components  ^Ilj,  ’Xf'n.,,), 
and  'n,  while  the  O'*"  states  correspond  to  a  mix  of  two 
^rio.  and  'X"^.  The  long  lifetime  of  the  A’Cll  state  appar¬ 
ently  indicates  that  the  triplet  components  [very  likely  the 


TABLE  IV.  A  summary  of  the  major  properties  of  the  low-lying  dectronic  states  of  gaseous  AgF.  The 
estimated  dissociation  energies  are  obtained  from  the  thermochemica]  value  if =29  600±  1400  cm~'  for 
the  AgF  ground  state  (Ref.  28). 


Sute 

T. 

(cm*') 

A) 

Spin 

character 

Lifetime 

Dissociation 
energy  (cm~') 

Atomic  limits 

X'l^ 

0 

1.983 

Singlet 

29  600 

i 

eni 

(24  913)* 

... 

Triplet 

9.1  ±  3.3/is 

(4  687) 

1 

^'ni 

24  950.71* 

1.927 

Triplet 

7.1  ±  2.6^ 

4649 

Ag'^i/j-l-F^Fj/, 

AO^ 

29  220“ 

1.957(ro) 

Singlet 

240  ±14  ns 

784 

Ag'j,^-(-F»A^ 

31663“ 

1022(ro) 

Singlet 

21  ±  1.2ns 

27  489 

^8  ^A/7  +  F 

Repulsive 

... 

... 

^8  ^A/i 

(01) 

•This  work. 

*l>ata  taken  from  Ref.  31. 
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^III  component  by  comparison  with  the  lifetimes  of  the 
low-lying  electronic  stotes  of  CuF  (Refs.  21,  22,  and  25)] 
dominate  this  state.  Thus,  the  transition  probability  for 
emission  terminating  in  the  ground  JP  *2"^  state  is  (inten¬ 
sity)  borrowed  from  the  *11  state.  Similarly,  a  dominant 
triplet  character  is  also  likely  for  the  afl  1  state  with  its  long 
radiative  lifetime  (9.1  /is)  and  weaker  transition  intensity. 
We  suggest  that  this  state  is  an  fl  =  1  state  by  process  of 
elimination.  Two  of  the  remaining  possible  transitions  O*’ 
and  til-X  *2’*'  arc  strictly  forbidden  electric  dipole  tran¬ 
sitions  and  should  be  possessed  of  even  longer  radiative 
lifetimes  and  hence  a  much  weaker  emission  intensity.  For 
CuF,  these  lifetimes  range  from  several  hundred  microsec¬ 
onds  to  milliseconds,  the  emission  being  1000  times  weaker 
than  the  Ci\-X  *2“*“  system.^*’^^^  A  remaining  possibility, 
the  assignment  to  a  O'*"  state,  is  readily  eliminated  by  con¬ 
sidering  atomic  asymptotic  limits. 

Ground  state  silver  and  fluorine  atoms  Ag^Si/2 
-f  F^Pj/j  combine  to  generate  one  0^  (X  *2^),  one  0“, 
two  (1  =  1,  and  one  (1=2  molecular  state,  whereas  the 
Ag  ^5|/2  -F  F  ^P|/2  combination,  which  lies  400  cm “  *  above 
the  ground  atomic  state,  yields  one  O'**  (^0*^ ),  one  0",  and 
only  one  (1=1  state.  If  the  repulsive  (11  state  assigned  by 
Barrow  and  Clements*^  dissociates  diabatically  to  the  sec¬ 
ond  atomic  state  as  indicated  in  Fig.  2  of  Ref.  19,  the  newly 
observed  A*  and  a  states  can  only  dissociate  to  ground  state 
atoms  and  must  be  the  two  (1  =  1  states  generated  by  this 
atomic  combination  (note  that  the  next  possible  neutral 
atomic  asymptote  Ag  'i’l/2  +  F  *^3/2  is  located  approxi* 
mately  30  000  ctn  ~  *  above  the  ground  atomic  state  and  is 
thus  too  energetic  to  correlate  with  these  two  lowest-lying 
states).  If  the  repulsive  Ol  state  correlates  diabatically  to 
the  ground  stote  atomic  limit  Ag  ^S^i/j-l-F  the  A'Q.\ 
state  must  diabatically  dissociate  to  the  second  atomic  limit 
Ag'S,/2-KF  ^^1/2  crossing  this  repulsive  potential.  This 
possibility,  which  seems  highly  unlikely,  would  appear  to 
be  eliminated  by  the  avoided  crossing  rule.  The  repulsive 
(11  state  and  the  A*ii\  state  will  adiabatically  correlate  to 
the  same  dissociation  limits  rather  than  undergo  a  curve 
crossing.  Figure  7  illustrates  correlation  diagrams  between 
the  low-lying  molecular  sutes  of  silver  fluoride  and  their 
corresponding  atomic  asymptotes,  as  proposed  above  and 
considered  by  other  workers.*’  The  vdues  of  for  AgF 
are  based  on  the  thermochemical  value  if  ^19  600±  1400 
cm'*.^*  Note  that  the  transitions  A'dh  also 

involve  no  change  in  angular  momentum  or  electron  con¬ 
figuration  for  the  atoms,  which  must  account,  at  least  in 
part,  for  the  long  lifetimes  of  these  two  states. 

The  AO'^  state  has  an  intermediate  lifetime  of  240  ns, 
which,  on  the  one  hand,  suggests  possible  singlet  character 
(*2*^)  upon  comparison  with  the  known  transitions  for 
CuF.^**^^  However,  this  lifetime  is  certainly  longer  than 
that  associated  with  a  typical  allowed  singlet-singlet  tran¬ 
sition  for  diatomic  molecules  [e.g.,  12  ns  for  the  A  *2;^"- 
X  *2^  system  of  Na2  (Refs.  29  and  30)].  The  observed 
lifetime  for  the  AO'^  state  might  be  explained  by  noting  that 
Jhe  A0“*‘-X  *2***  system  corresponds  to  a  weak  (A/ 
=0)  F  atom  transition  as  indicated  in  Fig.  7.  Using  a 
similar  argument,  the  short  lifetime  of  the  PO'*'  sUte  (21 
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FIG.  7.  Correlation  diapam  for  the  low-lying  molecular  states  and  the 
corresponding  atomic  asymptotic  limits  of  the  AgF  system. 


ns)  can  be  readily  understood  from  ( 1 )  its  singlet  charac¬ 
ter  ('2'*')  and  (2)  the  strongly  allowed  p-s  (A/=l)  tran¬ 
sition  in  atomic  Ag.  In  summary,  Table  IV  lists  the  T/s 
and  r/s,  spin  character,  measured  lifetimes,  dissociation 
energies,  and  proposed  dissociation  limits  for  the  four  low- 
lying  electronic  states  of  AgF. 

Although  copper  and  silver  fluoride  are  isoelectronic, 
the  five  observed  low-lying  states  of  CuF  lie  at  considerably 
lower  energies  ( ~  14  SOO-22  800  cm~')  than  even  the 
newly  observed  A' ill  and  afll  states  of  AgF.  Further¬ 
more,  the  radiative  lifetimes  of  the  low-lying  CuF  states 
considerably  exceed  those  of  AgF.  We  suggest  that  these 
differences  may  be  attributed  to  a  significantly  different 
molecular  electronic  structure  for  these  isoelectronic  di¬ 
atomics. 

Using  ab  initio  calculations  as  a  guide,  Dufour  et 
have  developed  a  consistent  model  to  account  for  the  ob¬ 
served  behavior  of  the  CuF  excited  states  mwigning  them  to 
a  single  structure  Cu'*'  (3<f’4r)  F“  (2p‘)  with  the  manifold 
of  observed  emissions  resulting  from  transitions  between 
the  states  resulting  from  this  structure  and  the  closed  shell, 
Cu+  (3d'°)  F-  (2p‘),  X  *2+  ground  state  ion  pair.  The 
relatively  long-lived  CuF  transitions  are  thought  to  corre¬ 
spond  to  electric  dipole  forbidden  Id-As  electron  transfers 
in  the  Cu'*'  atomic  limit. 

The  situation  in  AgF  is  clearly  different  This  might  be 
explained  by  considering  the  distinctly  different  energy 
level  patterns  for  the  copper  and  silver  atoms  and  their  ions 
as  catalogued  in  Table  V.  We  note  that  the  lowest  energy 
atomic  transitions  in  silver  ( 1 )  lie  at  considerably  higher 
energy  than  those  in  atomic  copper  and  (2)  involve  an 
allowed  p->s  electron  transfer  vs  the  Cu  forbidden  d—s 
transition.  Furthermore,  although  the  lowest  energy  ex¬ 
cited  states  in  Cu'*'  and  Ag'*'  are  both  and  the  lowest 
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TABLE  V.  The  lowest  electronic  configurations  and  the  corresponding 
energies  of  Cu  and  Ag  atoms  and  Cu*  and  Ag*  ions.  All  dau  are  taken 


from  Ref.  32. 


Cu  atom 

Ag  atom 

Electron 

configuration 

J 

Energy 

(cm*') 

Electron 

configuration 

J 

Energy 

(cm"‘) 

3d'®4i 

1/2 

0.0 

4d''’5r*J 

1/2 

0.0 

5/2 

11  202.565 

4d'“5p'/0 

1/2 

29  552.05 

3/2 

13  245.423 

3/2 

30472.71 

3d'®4p'/>® 

1/2 

30  535.302 

5/2 

30  242.26 

3/2 

30  783.686 

3/2 

34  714.16 

Cu^ 

ion 

Ag" 

ion 

Electron 

configuration 

J 

Energy 

(cm‘‘) 

Electron 

configuration 

J 

Energy 

(cm"') 

3d'°  'S 

0 

0.0 

4d'°  'S 

0 

0.0 

itfhs  ’J) 

3 

21  928.60 

AtfSs^D 

3 

39  163.9 

2 

22  847.03 

2 

40  741.0 

1 

23  998.31 

1 

43  738.7 

energy  atomic  emissions  in  both  ions  correspond  to  electric 
dipole  forbidden  d-s  transitions,  these  stotes  lie  at  signifi¬ 
cantly  higher  energy  for  the  silver  ion,  niaking  correlation 
with  the  low-lying  molecular  states  of  AgF  tenuous  in  an 
ionic  model. 

The  combination  of  data  in  Table  V,  in  fact,  favors  a 
model  correlated  more  closely  with  the  neutral  silver 
atomic  limits  which  we  have  considered  in  our  previous 
discussion.  In  order  to  construct  the  correlation  diagram  of 
Fig.  7,  we  tnhe  the  AgF  bond  energy  to  be  29  600  ±  1400 
cm" '.2*  With  this  energy  increment,  we  estimate  D,  for  the 
X  state  as  ~29  600  cm"',  for  the  afll  state  as  -4687 
cm"',  and  for  the  ^'Hl  state  as  -4649  cm"'  as  they 
dissociate  to  ground  state  silver  and  fluorine  atoms^We 
estimate  the  state  to  be  stable  by  only  -  784  cm"  as 
it  dissociates  to  Ag  ^S|/2-t-F  at  30004  cm  .  The 
50+  state  whose  short  radiative  lifetime  signals  its  corre- 
lation  with  Ag  ^Pxn  of  course,  predissociated. 

V.  CONCLUSION 

We  have  observed  the  optical  signatures  for  two  low- 
lying  ft  =  1  states  .4'ft  1  and  aft  1  of  AgF  which  dissociate 
to  ground  state  atoms  and  lie  about  4300  cm  '  below  the 
pfcviously  known  lowest  excited  AO^  state.  The  measured 
radiative  lifetimes  reveal  that  the  two  ft=  1  states  are  of 
triplet  character,  while  the  two  0+  states  .40+  and  50  are 
singlet.  It  appears  that  all  of  the  observed  low-lying  elec¬ 
tronic  states  of  AgF  dissociate  adiabatically  to  neutral  at¬ 
oms  in  contrast  to  the  ion-pair  dissociation  attributed  to 
the  low-lying  stotes  of  CuF.  The  observation  of  the  two 
ftssl  stotes  suggests  the  probable  existence  of  the  similar 
stable  low-lying  electronic  stotes  for  the  remaining  silver 
halides.  The  long-lived  A'Cl\  state  is  also  important  be¬ 
cause  of  its  suitability  as  an  intermediate  state  for  studies  of 
high-lying  electronic  stotes  and  photoionization  using  mul¬ 
tiple  resonance  laser  excitation. 


Note  added  in  proof.  On  the  electronic  assignment  of 
the  low-lying  a  state,  we  emphasize  that  it  is  almost  im¬ 
possible,  at  this  time,  to  make  an  unambiguous  electronic 
assignment  for  the  weak  a  state  because  of  the  lack  of 
either  well  resolved  rotational  structure  for  the  a-X  2+ 
bands  or  ab  initio  calculations  of  the  radiative  lifetimes  for 
the  low-lying  electronic  stotes  of  AgF.  We  have  contem¬ 
plated  that  the  .4'ftl  and  this  a  stotes  might  be  the  ft= 1 
and  ft=0"  components  of  a  Himd’s  case  (a)  2+  state 
which  correlates  with  the  o  ^2+  state  observed  in  CuF. 
However,  we  are  troubled  by  the  fact  that  ( 1 )  the  A 
separation  in  AgF  (-38  cm"')  is  so  similar  to  the  sepa¬ 
ration  of  the  ft=l  and  0"  components  in  CuF  (43.5 
cm"'),“  and  (2)  that  the  radiative  lifetime  of  the  a  state  is 
virtually  the  same  as  that  of  the  .4  ft  1  state.  ^  For  those 
reasons,  we  tentatively  suggest  that  this  weak  a  state  be  an 
ft=l  state  by  process  of  elimination  as  described  in  the 
paper  and  do  not  rule  out  the  possibility  that  this  state 
might  be  assigned  to  another  possible  electronic  symmetry. 
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A  Chemiluminescent  and  Laser-Induced  Fluorescent  Probe  of  a 
New  Low-Lying  A'Q  =  1  State  of  Gaseous  AgF 

He  Wang  and  James  L.  Gole 

School  of  Physics.  Georgia  Institute  of  Technology.  Atlanta.  Georgia  30332 


A  new  '  1  ( =  1 )  state  of  AgF  at  the  fringes  of  the  visible  region  has  been  excited  and 
analyzed.  The  chemiluminescence  from  this  state,  which  is  located  -4300  cm"'  below  the  pre¬ 
viously  known  lowest  excited  A  0*  sute.  is  observed  for  the  first  time  in  a  beam-gas  reacnon 
where  silver  molecules,  Ag,,  are  reacted  with  either  atomic  or  molecular  fluorine.  Using  pulsed 
laser-induced  fluorescence,  two  vibrational  bands  (u’.  o')  =  (0, 0)  and  ( 1, 0)  have  been  rotationally 
resolved  and  electronic  and  rotational  assignments  have  been  obtained.  Molecular  constants  which 
can  reproduce  the  observed  data  with  a  standard  deviation  of  0. 1  cm"' ,  the  RKR  potential  energy 
curve  and  the  Franck-Condon  factors  for  the  A'  \-X  '2'  transition  have  been  determined.  The 
internal  energy  distributions  of  the  reaction  product  AgF  molecules  are  studied  by  vibrational 
intensity  analysis  and  rotational  simulation  calculations.  The  possible  reaction  paths  to  produce 
the  excited  A'  state  from  either  the  four-center  Agj  -i-  Fj  or  Ag,  (x  >  3 )  -f  F  reactions  and  the 
formation  of  ground  state  AgF  molecules  are  discussed  through  consideration  of  reactant-product 
correlations  and  energetics.  The  dissociation  energy  of  the  newly  observed  A'  1  sute  is  4649  i 
1400  cm"' .  The  observation  of  this  low-lying  Q  =  1  sute  indicates  the  existence  of  similar  suble 
n  «  1  sutes  for  the  remaining  silver  halides,  all  of  which  should  readily  absorb  visible  photons. 
Their  existence,  which  may  have  implications  for  the  detailed  undersunding  of  the  photographic 
process,  provides  intermediate  sutes  for  multiple-resonance  laser  exciution  and  multiphoton 
laser  ionization.  O  1993  Academic  Prm.  Inc. 


INTRODUCTION 

The  study  of  the  highly  exothemic  kinetically  controlled  oxidation  of  metal  mol¬ 
ecules  not  only  provides  a  means  to  extrapolate  and  modify  concepts  which  govern 
simple  A  +  BC reactive  encounters  ( 1-3),  but  also,  through  a  unique  reactive  branch¬ 
ing,  farilita*<^  the  formation  of  previously  inaccessible  reaction  products.  The  analyzed 
quantum  level  structure  of  the  prcxluct  metal-based  oxides  and  halides  formed  in 
highly  exothermic  oxidation  processes  can  provide  useful  information  on  molecular 
structure  and  bonding  {4-6)  especially  when  detailed  chemiluminescent  (CL)  studies 
can  be  used  to  pinpoint  regions  which  will  be  accessible  to  a  laser-induced  fluorescent 

^  In  developing  such  studies,  we  have  observed  particularly  intriguing  ^oups  of  metal 
cluster  oxidations.  For  example,  the  sodium  tnmer-halogen  atom  reactive  interamms 
signal  a  surprising  chemistry  ( 7-9)  as  the  high  cross  section  Na„  “  2,  3)-A  (Cl, 
Br  I)  encounters  create  a  continuous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Naj).  While  this  unusual  reactive  belavior  has 
potential  for  extension  to  other  alkaU  trimers,  we  also  realize  that  the  Group  IB  dimers 
and  trimers  constitute  direct  analogs  of  the  alkali  systems,  suggesting  that  ad^tional 
insight  might  be  gained  through  the  study  of  the  Ag„-X  oxidation  reactions  Further, 
the  oxidation  behavior  of  small  sUver  agglomerates  is  of  significance  in  both  the  pho¬ 
tographic  process  {10)  and  catalysis  ill)- 
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Recently.  Devore  el  al.{6)  have  reported  and  analyzed  the  chemiluminescent  emis¬ 
sion  from  silver  cluster-ozone  reactions,  correlating  a  portion  of  these  emissions  with 
Ag,0  (.V  >  2)  emitters.  Here,  we  report  an  experimental  study  of  the  silver  vapor- 
fluorine  reaction  system.  We  have  obtained  the  first  evidence  for  a  stable  =  1  state 
of  the  gaseous  silver  monohalide  AgF.  which  lies  4300  cm”'  below  the  previously 
known  lowest  excited  .4  0"^  state.  The  band  system  associated  with  the  .4'  l-.V'Z' 
transition  has  been  studied  using  a  combination  of  CL  and  LIF  spectroscopy. 

Sfjectroscopic  studies  of  the  silver  monohalides.  Ag.T  (A”  =  F.  Cl.  Br).  have  a  long, 
albeit  limited,  history  ( 12-17).  The  halide  ground  states  are  highly  ionic,  with  AgCl 
and  AgBr  respectively  52  (18)  and  46%  (19)  ionic  character,  and  the  AgF  ground 
state  dipole  moment  determined  to  be  6.22  D  (20).  The  heavy  halides  follow  primarily 
Hund's  case  (c  )  coupling.  The  ground  state  of  AgF  dissociates  to  Ag  -Si/:  +  F  ‘P.v  : 
ground  state  atoms  whose  combination  generates  five  molecular  states.  0",  0  .1.1. 
and  2.  At  slightly  higher  energy  the  Ag  ^Si/:  +  F  ^P|/2  atoms  can  combine  to  yield 
0*.  0‘,  and  1  states.  From  the  manifold  of  states  resulting  from  these  two  atomic 
combinations,  only  the  ^4  0*  (’Si/:  +  -Pi/:)  and  A"  '2”^  (^Si/:  -I-  -P3/2)  states  had  been 
identified  before  the  current  study.  Joshi  and  Sharma  (27 )  first  reported  the  near  UV 
absorption  spectrum  of  the  AgF  B  0  '  2  ^  system.  They  also  reported  the  obsen^ation 

of  some  features  due  to  the  A  transition.  Barrow  and  Clements  (22.  2i) 

carried  out  a  rotational  analysis  of  these  two  ultraviolet  systems  and  Hoeft  et  al. 
studied  the  rotational  spectrum  of  the  AgF  ground  state  using  microwave  absorption 
(20).  Until  the  present  study  no  visible  absorption  spectrum  and  no  transition  involving 
a  stable  Q  =  1  state  has  been  reported  for  the  silver  halides. 

EXPERIMENTAL  DETAILS 

Both  chemiluminescence  and  pulsed  laser-induced  fluorescence  were  generated  un¬ 
der  multiple-collision  conditions  as  a  stream  of  silver  entrained  in  helium  was  inter¬ 
sected  by  molecular  or  atomic  fluorine.  The  overall  experimental  configuration  is 
depicted  schematically  in  Fig.  1.  The  entrainment  flow  device  used  in  this  study  has 
been  described  previously  (2).  Briefly,  silver  metal  was  heated  in  a  specially  designed 
graphite  crucible  to  temperatures  in  the  range  of  1600  K.  The  silver,  emanating  from 
the  crucible,  was  entrained  in  a  flow  of  helium  gas  at  a  total  pressure  of  1  Torr.  For 
those  experiments  employing  molecular  fluorine,  fluorine  gas  was  introduced  into  the 
entrained  silver  flow  through  a  concentric  ring  inlet  located  ~  1  cm  above  the  crucible. 
For  those  experiments  which  used  atomic  fluorine  as  an  oxidant,  fluorine  atoms  were 
formed  by  electric  discharge  through  SF*  and  used  in  a  manner  previously  applied  to 
studies  of  the  Bi:  -F  F  (24)  and  Mfc  -F  F  (25)  reactive  systems.  Entrained  fluorine 
atoms  exited  a  directed-flow  channel  perpendicular  to  the  direction  of  the  entrained 
silver  and  about  1.5  cm  above  the  silver  source  crucible.  For  both  the  fluorine  atom 
and  the  fluorine  molecule  oxidation  studies  a  chemiluminescent  flame  was  generawd 
in  the  reaction  zone.  However,  this  flame  was  considerably  more  intense  for  the  fluorine 
molecule-based  reactive  encounters.  The  chemiluminescence  from  the  reaction  zone 
was  observed  at  right  angles  to  the  reactant  flows  using  a  0.75-m  Spex  1702  mono¬ 
chromator  operated  in  first  order  with  a  1200  groove/ mm  grating  blazed  at  500  nm 
and  an  RCA  IP28  photomultiplier.  The  PMT  signal  was  fed  to  a  Keithley  417  autoscale 
picoammeter  and  recorded  with  a  computer. 

The  pulsed  LIF  studies  were  performed  employing  only  the  fluorine  molecule-based 
reactions.  The  second  harmonic  of  a  Quanta-ray  Nd:YAG  laser  (0.53  n)  was  used  to 
pump  a  Spectra  Physics  PDL-3  pulsed  tunable  dye  laser  system  operated  with  DCM 
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Fig.  l.  Experimental  setup  for  chemiluminescence  and  laser-induced  fluorescence  spectroscop> . 


dye.  The  output  of  the  pulsed  dye  laser  (with  a  linewidth  of  0,07  cm*'  and  a  pulse 
width  of  9  nses)  was  then  mixed  with  the  fundamental  output  of  the  YAG  laser  in  a 
frequency  mixer  (Quanta-Ray  WEX-1 )  to  produce  the  near-UV  coherent  radiation 
which  was  introduced  to  the  reaction  chamber  in  a  direction  perpendicular  to  the 
reactant  flow.  The  YAG  laser  was  triggered  by  a  digital  pulse  generator  ( SRS  OG535 ) 
with  a  repetition  rate  of  1 5  Hz.  The  Q-switching  signal  of  the  YAG  oscillator  was  used 
to  trigger  a  Boxcar  integrator  (SRS  SR250)  for  better  synchronization.  The  pulsed 
laser-induced  fluorescence  was  collected  with  a  1P28  photomultiplier  ( 2.2  nsec  nse 
time)  and  sent  to  the  gated  integrator  through  a  fast  preamplifier  (CLC  100  Video 
Amplifier  500  MHz).  The  integration  gate  was  set  to  a  width  of  300  nsec  with  a  time 
delay  such  that  the  gate  opens  just  after  the  short  laser  scattering  pulse,  thus  reducing 
background  noise.  A  computer  drives  the  laser  stepper  motor,  scans  the  dye  laser  and 
acquires  the  averaged  output  data  from  the  Boxcar  synchronously.  In  order  to  achieve 
a  linear  scan  in  wavelength  with  the  frequency  mixer,  the  scan  step  ^ 

laser  was  calculated  in  real  time  using  the  PC.  The  output  frequency  of  the  WEX-1 
was  calibrated  using  aluminum  atomic  lines. 


RESULTS  AND  ANALYSIS 

Chemiluminescent  spectra  characterizing  the  entrained  silver-fluorine  atom  and 
silver-fluorine  molecule  reactive  encounters  are  depicted  in  Figs.  2a  and  2b.  respec¬ 
tively  The  chemiluminescence  from  the  fluorine  atom-based  system  is  considera  y 
weaker  than  that  obtained  in  the  fluorine  molecule  reactive  environment.  It  appear 
that  the  available  energy  corresponding  to  those  processes  which  involve  fluonne  mol¬ 
ecule  reactions  exceeds  the  energy  available  from  the  fluorine  atom  system.  This  sug- 
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Fig  .  2.  (a)  Chemiluminescence  spectrum  from  the  ftuorine  molecule-based  reactive  system  at  a  resolution 
of  5  A.  (b)  Chemiluminescence  spectrum  from  the  fluorine  atom-based  reactive  system  at  a  resolution  of  5 
A.  t  c )  The  dispersed  fluorescence  induced  by  laser  pumping  at  the  P  head  of  the  .-I'  l-.V  ‘2; "  (0.  0 )  band  of 
AgF. 


gests  the  possibility  of  multicentered  fluorine  molecule-silver  molecule  reaction  dy- 
namics  which  produces  two  metal  fluoride  molecules.  The  situation,  which  is  also 
apparent  in  several  metal  molecule-based  oxidative  environments,  certainly  represents 
a  departure  from  A  -F  BC  reaction  dynamics  ( 7-6).  The  peak  at  342  nm,  present  only 
when  fluorine  molecules  are  used  as  reactants,  is  readily  identified  as  the  (r',  t  ")  = 
( 0, 0 )  band  of  the  transition  of  AgF.  However,  the  spectrum  is  dominated 

by  an  intense  vibrationally  resolved  structure  around  400  nm  observed  for  the  first 
time  in  these  silver-fluorine-based  reactive  systems.  The  CL  signals  associated  with 
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this  newly  observed  structure  correlate  with  both  the  silver  vapor  concentration  and 
the  fluorine  gas  pressure.  Table  I  catalogs  the  peak  separations  from  the  strongest  CL 
peak  to  longer  wavelengths.  These  separations  agree  well,  within  experimental  error, 
with  the  known  vibrational  separations  for  the  ground  A'  '2  *  state  of  AgF  given  by 
Barrow  and  Clements  (23).  Based  on  this  comparison,  we  can  tentatively  attribute 
the  observed  structure  to  a  transition  of  the  AgF  molecule  originating  from  a  newly 
observed  electronic  state.  We  use  LIF  to  identify  the  newly  monitored  electronically 
excited  state  as  an  Q  =  1  state  ( LIF  to  the  ground  ‘  1  *  state ) .  The  vibrational  assignment, 
as  listed  in  Table  1  (note  also  Fig.  2a).  can  also  be  readily  obtained  and  funher  con¬ 
firmed  by  dispersed  laser-induced  fluorescence  as  exemplified  in  Fig.  2c. 

Figures  3a  and  3b  present  representative  rotationally  resolved  LIF  spectra  corre¬ 
sponding  to  the  iv'.  u")  =  (0,  0)  and  ( 1.  0)  bands,  respectively.  The  (u'.  i'”)  =  (2.  1) 
band  was  also  observed  as  depicted  in  Fig.  3b.  Two  detailed  scans  of  the  rotational 
structure  of  the  (0. 0)  band  are  shown  in  Figs.  4a  and  4b.  The  rotational  spectra  show 
typical  blue  degraded  rotational  progressions  with  clear  F  heads  to  the  red.  indicating 
that  the  upjjer  state  has  a  larger  rotational  constant.  than  does  the  lower  state. 
Two  rotational  branches  (R  and  Q)  have  been  identified  from  the  blue  degraded 
rotational  structure  as  labeled  in  Figs.  3  and  4.  The  apparent  intensity  anomalies  are 
attributed  to  the  superposition  of  the  R  branch  and  the  Q  branch.  This  argument  is 
proved  with  a  simulation  calculation  described  below.  The  observed  P  head  positions 
are  listed  in  Table  II.  Figure  2c  depicts  the  dispersed  fluorescence  induced  by  laser 
pumping  at  the  P  head  of  the  (u',  v")  =  (0,  0)  band.  The  apparent  disappearance  of 
the  ( u'.  u")  =  ( 1 , 0 )  band,  which  is  otherwise  clearly  seen  in  the  CL  emission  spectrum 
(Figs.  2a  and  2b),  confirms  our  vibrational  assignment. 

The  electronic  assignment  has  been  made  by  considering  the  rotational  transition 
patterns.  In  Hund's  case  (c),  we  have  the  electronic  selection  rule  Afl  =  0.  ±  1  since 
A  and  2  are  no  longer  good  quantum  numbers.  Furthermore,  case  (c)  coupling  may 
be  regarded  as  case  (a)  coupling  with  very  large  multiplet  splittings,  the  band  structures 
in  case  (c)  being  quite  similar  to  those  in  case  (a).  That  is,  transitions  with  (2  =  0  and 
Q'  =  n"  =  0  are  similar  to  '2- '2  transitions  (with  R  and  F branches),  and  transitions 
with  fi  =  1  and  Q'  =  1,  ft"  =  0  are  similar  to  'll- '2  transitions  (with  R.  Q,  and  P 
branches)  (26).  Based  on  the  above  arguments,  our  newly  observed  electronic  state 
can  be  assigned  as  a  ft  =  1  state  without  ambiguity.  To  match  the  previous  nomen¬ 
clature.  we  will  call  this  newly  observed  state  the  .4'  1  state. 


TABLE  I 

Vibrational  Separations  of  the  Ground  A  '2  *  State  of  AgF  Observed  by  Chemiluminescence 
and  Laser-Induced  Fluorescence 


V 

AGRcf.  23 

(cm'O 

AGobs.  by  CL 

(cm'i) 

AGobs.  by  LIF 
(cm-^ 

1 

508.26  ±  0.04 

509.6  ±  6 

508.14  ±  0.1 

503.08  ±  0.04 

500.7  ±  6 

- 

2 

497.89  ±  0.04 

491.6  ±  6 

. 

3 

485.5  ±  6 

- 

4 
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Fig.  3.  Pulsed  laser-induced  fluorescence  spectra  of  the  /I'  system  of  AgF.  (a)  (c'.  r")  =  (0.  0) 

band  and  ( b)  ( u',  u")  =  (  L  0)  band.  The  intensity  anomalies  are  due  to  the  superposition  of  the  /^-branch 
and  the  ^branch  peaks. 


The  rotational  assignment  for  the  R,  P,  and  Q  branches  was  easily  determined 
using  the  following  equations  and  the  previously  known  ground  state  rotational  con¬ 
stants  given  in  Ref.  (23): 

VK  =  Vo  +  (B',  +  Bl)(J  +  1)  +  (B',  -  BDiJ  +  l)^  J>0,  (1) 

VQ  =  Vo  +  (B'v  -  BDJ  +  (B',  -  BDJ^  y>l.  (2) 

vp  =  Vo  -  (B',  +  Bl)J  +  (B',  -  BDJ^  J>2,  (3) 
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Fig  .  4.  Two  detailed  LIF  scans  ( laser  scan  step  size,  0.0 1  cm' ')  for  the  and  (2  branches  of  the  (i .  i  ) 

=  <0.  0)  band  of  AgF. 


where  .n-  and  .^are  the  peak  positions  of  the  /?,  Q.  and  F  branches,  respectively 
J  is  the  lower  state  rotational  quantum  number,  and  F,  and  B,  are  the  rotationa 
constants  for  the  upper  and  the  lower  state.  The  centers  of  the  deep  valleys  near  the 
P  heads  in  Figs.  3a  and  3b  are  very  good  approximations  of  the  band  origins  vq-  with 
the  vibrational  and  rotational  assignments  and  the  ground  state 
of  '°’AgF  given  by  Barrow  and  Clements  (2i).  a  total  of  71  well  resolved  R  and  Q 
lines  have  been  fit  to  the  well-known  Dunham  formula  (27) 

nv,  7)  =  z  yjk(v  + 1/2)17(7  + 1) -  n*. 

where  T(v,  7)  are  the  vibronic  energy  levels  and  Yj,  are  the  Dunham  coefficients^ 
Tables  111  IV.  and  V  tabulate  the  observed  and  the  calculated  spectral  lines  and  the 
differences  between  them  for  the  R  and  Q  branches  of  the  (u',  r')  -  (0, 0)  band  and 
the  R  branch  of  the  (ti',  v")  =  ( 1, 0)  band,  respectively.  Table  VI  gives  the  molecular 
,t  n.«ly  obirvLj  I  su.e  of  -AgF  and  -AgF.  Th.  co„s«nu  hs.=d 
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TABLE  II 

P  Bandhead  Positions  of  the  A'  l-.T '2  *  System  Observed  by  Laser-Induced  Fluorescence 


(v\v”) 

P  Head 

X(A) 

(0,0) 

4007.76 

(0.1) 

4090.90 

(1.0) 

3927.81 

(2.1) 

3930.82 

TABLE  III 

Observed  and  Calculated  /^-Branch  Vibronic  Transitions  for  the  ( v\  c")  =  (0.  0)  Band 
of  the  1-A'  ‘S'"  System  of  '°^AgF 


issignment 

R(J) 

(cm*l) 

AV  (cm'^; 

J 

Observed 

Calculated 

Obs.  -  Cal. 

15 

24960.234 

24960.165 

0.069 

16 

24961.168 

24961.192 

-0.024 

17 

24962.356 

24962.249 

0.107 

18 

24963.352 

24963.335 

0.017 

23 

24969.148 

24969.210 

-0.062 

24 

24970.522 

24970.475 

0.047 

25 

24971.772 

24971.769 

0.003 

26 

24973.080 

24973.093 

-0.013 

27 

24974.389 

24974.447 

-0.058 

28 

24975.699 

24975.830 

-0.131 

30 

24978.570 

24978.687 

-0.117 

32 

24981.502 

24981.662 

-0.160 

33 

24983.127 

24983.195 

-0.068 

34 

24984.813 

24984.757 

0.057 

35 

24986.500 

24986.348 

0.152 

36 

24988.121 

24987.969 

0.152 

37 

24989.744 

24989.619 

0.125 

38 

24991.367 

24991.299 

0.068 

39 

24992.930 

24993.007 

-0.077 

41 

24996.367 

24996.511 

-0.144 

42 

24998.242 

24998.306 

-0.064 

44 

25001.992 

25001.981 

0.011 

45 

25003.869 

25003.860 

0.009 

46 

25005.744 

25005.766 

-0.022 

48 

25009.813 

25009.661 

0.152 

49 

25011.688 

25011.649 

0.039 

50 

25013.879 

25013.662 

0.217 

51 

25015.756 

25015.701 

0.055 

52 

25017.949 

25017.766 

0.183 
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table  IV 

Observed  and  Calculated  <2-Branch  Vibronic  Transitions  for  the  (t  '.  i  ')  =  (0.  0)  Band 
of  the  System  of  '“’AgF 


Assignment 

Q(J)  fcm 

■i) 

AV  (cm"^) 

J 

Observed 

Calculated 

Obs.  -  Cal. 

30 

24961.418 

24961.391 

0.027 

31 

24962.356 

24962.308 

0.048 

32 

24963.352 

24963.255 

0.097 

39 

24970.522 

24970.718 

-0.196 

40 

24971.772 

24971.903 

-0.131 

41 

24973.080 

24973.116 

-0.036 

42 

24974.389 

24974.359 

0.030 

43 

24975.699 

24975.631 

0.068 

44 

24977.010 

24976.931 

0.079 

47 

24981.066 

24981.001 

0.065 

48 

24982.502 

24982.413 

0.089 

49 

24983.940 

24983.853 

0.087 

50 

24985.313 

24985.319 

-0.006 

53 

24989.744 

24989.875 

-0.131 

54 

24991.367 

24991.445 

-0.078 

55 

24992.930 

24993.038 

-0.108 

56 

24994.492 

24994.656 

•0.164 

57 

24996.367 

24996.297 

0.070 

61 

25002.932 

25003.080 

-0.148 

62 

25004.807 

25004.827 

-0.020 

63 

25006.369 

25006.592 

-0.223 

64 

25008.248 

25008.375 

-0.127 

67 

25013.879 

25013.819 

0.060 

68 

25015.756 

25015.662 

0.094 

in  Table  VI  can  reproduce  all  well  resolved  experimental  R-  and  0-branch  levels  with 
a  standard  deviation  of  0. 1  cm  ’ .  We  note  that,  under  the  present  experimental  res¬ 
olution,  no  fi-type  doubling  has  been  observed  for  the  /I'  l-A'  '2^  transition. 

The  vibrational  and  rotational  constants  of  the  isotope  '^’AgF  were  calculated  from 
those  of  '°’AgF  using  the  well-known  formula  for  isotope  effect  (27).  The  isotope 
splittings  of  the  R  and  Q  branches  for  the  (u',  v")  =  (0,  0)  band  have  been  estimated 
from  the  molecular  constants  given  in  Table  VI  ( for  the  '  1  state )  and  in  Ref  ( 2i ) 
( for  the  A' ' 2  ^  ground  sUte )  and  plotted  as  a  function  of  J  in  Fig.  5.  The  electronic 
isotope  shift  has  been  ignored  in  first-order  approximation.  Apparently,  for  the  rota¬ 
tional  spectral  lines  which  we  have  observed,  the  isotope  splittings  for  the  lowest  vi¬ 
brational  band  are  too  small  to  be  resolved  under  our  experimental  conditions.  This 
is  due  primarily  to  the  similarity  of  the  vibrational  and  rotational  constants  for  the 
upper  and  the  lower  states.  It  is  also  obvious  in  comparing  Figs.  3a  and  3b  that  the 
(v',  v")  =  (1,0)  band  is  not  as  well  resolved  as  the  (r',  u")  =  (0,  0)  band  due  to  the 
increasing  isotope  splittings  for  higher  excited  state  vibrational  quantum  levels. 

A  comparison  between  the  CL  spectrum,  the  LIF  spectrum,  and  a  computer  sim¬ 
ulation  of  the  A  1— Ar'2^,  (u*,  v")  =  (0,  0)  band  is  shown  in  Fig.  6.  The  rotational 
simulation  was  carried  out  assuming  a  Boltzman  rotational  distribution  ( T  =  495  K) 
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TABLE  V 

Observed  and  Calculated  /?-Branch  Vibronic  Transitions  for  the  (  l'.  r")  =  ( 1.  0)  Band 
of  the  .*1 '  1  -.V  is:  "  System  of  *^"AgF 


Assignment 

R(J) 

(cm-*) 

AV  (cm’*) 

J  “ 

Observed 

Calculated 

Obs.  •  Cal. 

14 

25465.174 

25464.945 

0.229 

15 

25466.082 

25465.813 

0.269 

16 

25466.731 

25466.702 

0.029 

17 

25467.770 

25467.613 

0.157 

18 

25468.549 

25468.546 

0.003 

19 

25469.457 

25469.500 

-0.043 

21 

25471.402 

25471.473 

-0.071 

22 

25472.441 

25472.492 

-0.051 

23 

25473.350 

25473.532 

-0.182 

28 

25479.193 

25479.060 

0.133 

29 

25480.232 

25480.231 

O.OOl 

30 

25481.531 

25481.423 

0.108 

31 

25482.699 

25482.637 

0.062 

32 

25483.740 

25483.873 

-0.133 

33 

25484.908 

25485.130 

-0.222 

34 

25486.338 

25486.409 

-0.071 

35 

25487.768 

25487.710 

-0.058 

for  the  ground  state  and  the  I -‘S''  transition  pattern  (with  R.  Q.  and  P  branches). 
The  molecular  constants  for  ‘^‘^AgF  given  in  Table  VI  were  used  and  no  isotope  effect 
was  taken  into  account  in  the  calculation.  The  agreement  of  the  intensity  patterns  for 
the  simulation  and  the  LIF  spectrum  further  confirms  our  electronic  assignment  to 


TABLE  VI 


Dunham  Coefficients  for  the  A’  i  State  of  '°^AgF 


Y.. 

'®’AgF 

•O’AgF* 

Tc 

24950.71(10) 

24950.71(10) 

Y,o(AGiy2) 

506.744(80) 

506.041 

Yoi  (Be) 

0.28132(15) 

0.28054 

Y„  (-ae) 

.0.4044(89)xl0'^ 

-0.4027x10-^ 

Yo2(-De) 

-0.116(60)xl0-‘ 

.0.115x10'^ 

Yo3  (He) 

-0.403(83)xl0''° 

-0.400x10''° 

Re(A) 

1.927 

1.927 

Note.  All  numbers  are  in  cm‘‘  except  for  R^.  The  numbers  in  parentheses  are  \a  unceruimies. 

♦  The  following  formulas  are  used:  ^  ~  Rt  -  =  P<^e»  - 

p^a>e„,  where  ^  and  are  the  reduced  masses  of  the  two  isotopes.  For  *°"AgF  and  ‘^’AgF  p  = 

1.00139. 
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Fig  .  5.  Isotope  splittings  of  the  spectral  lines  of  the  .4 ' !  -  A' '  2  *  ( 0. 0 )  band  of  “^’AgF  and  ‘^AgF  calculated 
from  the  constants  given  in  Table  VI  and  Ref  {23). 


the  newly  observed  A'  1  state.  From  the  Dunham  coefficients  given  in  Table  VL  an 
RKR  potential  energy  curve  for  the  A'  1  state  and  hence  the  Franck-Condon  factors 
for  the  A'  system  have  been  calculated.  Table  VII  tabulates  the  RKR  potential 

energy  curve  and  Fig.  7  indicates  the  very  good  agreement  between  the  calculated 
FCFs  and  the  CL  intensity  distribution. 

DISCUSSION 

Since  the  silver  atom-fluorine  molecule  reaction  process  Ag  +  F:  -►  AgF  +  F  ( -i£ 
=  2.03  eV )  is  not  exothermic  enough  to  excite  the  chemiluminescence  that  we  observe 
in  this  study,  the  reactions  of  silver  molecules  must  lead  to  the  observed  emission. 
For  the  Agv-F:  system,  the  four-center  silver  dimer-fluorine  molecule  reaction  is  con¬ 
sidered  to  be  the  dominant  process, 

Ag2  +  F.-^  AgF*(^0\/l'l)  +  AgF(A''2"),  (5) 

with  an  exothermicity  of  A£  =  2Z)o(Ag-F)  -  £)o(Ag-Ag)  -  Do(F-F)  =  4.04  eV 
(26,  28,  29),  producing  chemiluminescence  corresponding  to  the  ^  0^  AT  ’2  ^,  ( i', 
v")  =  (0,  0)  band  with  a  photon  energy  of  ^3.62  eV.  The  much  weaker  chemilu¬ 
minescence  from  the  Ag^-F  system,  observed  under  considerably  more  stringent  ag¬ 
glomeration  conditions,  must  result  from  the  reaction  of  a  polyatomic  silver  molecule, 
the  most  likely  candidate  being  silver  trimer  ( Ag3)  with  its  0.99  eV  bond  dissociation 
energy  (30).  The  silver  trimer-fluorine  atom  reaction,  with  an  exothermicity  of  SE 
=  Do(Ag-F)  “  Do(  Ag2~Ag)  =  2.65  eV  is  not  sufficiently  energetic  to  populate  the  A' 
1  state  based  strictly  on  its  reaction  exothermicity.  However,  the  hot  F  atom  trans¬ 
lational  energy  easily  exceeds  0.5  eV  (24),  the  extra  energy  needed  to  form  the  A'  1 
state  at  3. 10  eV.  Finally,  it  is  worth  noting  that  additional  silver  cluster  reactions  such 
as  the  multicentered 
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WAVELENGTH  (ANGSTROMS) 

Fig.  6.  Comparison  between  (a)  chemiluminescence,  lb)  laser-induced  fluorescence,  and  Ic)  computer 
simulation(T  =  495  K)ofthe.4'  l-.V'Z"  (O.O)band  of  AgF. 


Ag3  +  F2  AgF*  +  AgF  +  Ag 


Ag3  +  F2  AgF*  +  Ag2F  ( 7  ) 

may  also  be  considered  as  possible  precursors  to  excited  AgF  products. 

By  comparing  the  blue  degraded  CL  spectrum  of  the  ^4'  l-A'  ‘Z  (0, 0 )  band  given 
in  Fig.  6a  with  the  LIF  spectrum  in  Fig.  6b,  we  observe  that  the  excited  state  and  the 
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TABLE  VII 

RKR  Potential  Energy  Cun/e  of  the  .-I  I  State  of  AgF  Denved  from  the  Molecular  Constant  of  AgF 


V 

(cm  ') 

(cm*’) 

Rv.  (A) 

Rv-  lA) 

0 

0.27930 

253,372 

1.869 

1.997 

1 

0.27525 

I.927A. 

760.1  15 

1.833 

2.056 

ground  state  have  similar  rotational  population  distributions.  This  suggests  that  the 
product  AgF  molecules  are  nearly  fully  relaxed  under  our  multiple-collision  conditions. 
The  routional  simulation  shown  in  Fig.  6c  corresponds  to  a  rotational  temperature 
of  495  K  and  Jma\  =  25.  The  determined  rotational  temperature,  T  =  495  K.  mav 
not  be  an  accurate  measure  of  the  thermodynamic  temperature  since  Hund’s  case  ( c ) 
mixing  effects  have  not  been  considered  in  the  calculation.  The  vibrational  temperature 
is  roughly  estimated  to  be  415  K  from  the  LIF  intensity  ratio  of  the  (t-'.  l  ")  =  (  1.  0) 
and  ( 2.  1 )  bands  shown  in  Fig.  3b  and  the  calculated  Franck-Condon  factors. 

As  we  have  indicated  in  the  Introduction,  the  lowest  atomic  limit  of  the  AgF  system 
( Ag  *S|/2  +  F  -Pj/:)  generates  two  n  =  1  molecular  states,  whereas  the  { Ag  -S|,  ;  + 
F  ‘Pi/’)  combination  couples  to  produce  only  one  Q  =  1  state.  In  Ref.  {23).  Barrow 
and  Clements  report  the  observation  of  a  continuum  transition  centered  at  303.0  nm 
as  well  as  predissociation  in  the  vibronic  levels  of  the  0*  state  of  AgF.  They  attribute 
the  predissociation  to  the  potential  curve  crossing  of  the  B  0^  state  by  a  repulsive  « 
=  1  state,  which  seems  to  dissociate  to  the  second  atomic  limit  (Fig.  2  of  Ref  (23)). 
Therefore  the  newly  observed  A'  1  state  reported  in  this  paper  can  only  dissociate  to 
the  ground  atomic  limit.  Figure  8  outlines  the  correlation  diagram  for  the 
.•1'  1.  .4  0*.  and  BO*  molecular  states  and  their  corresponding  atomic  dissociation 
asymptotes.  A  value  of  the  dissociation  energy  of  the  .4'  1  state.  D^.  can  be  estimated 


v“ 

Fig  .  7.  Comparison  between  the  calculated  Franck-Condon  factors  and  the  CL  intensity  distribution  for 
the  A'  \  v'  =  O-A'  '2*  v*  -  x  transitions  of  AgF. 
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Fig.  8.  Correlation  diagram  of  the  low-lying  molecular  states  and  the  corresponding  atomic  asymptotic 
limits  of  the  AgF  system. 


to  be  4649  ±  1400  cm“‘  from  the  thermochemical  value,  =  29  600  ±  1400  cm”* 
(29)  for  the  AgF  ground  state. 

The  observation  of  the  /I'  1  state  of  AgF  indicates  that  there  may  exist  similar  stable 
Q  =  1  states  for  the  remaining  silver  monohalides  located  a  few  thousand  wavenumbers 
below  the  previously  known  lowest  excited  ^0*^  states.  Table  VIII  summarizes  the 
observed  Te  values  for  the  low-lying  electronic  states  of  the  silver  monohalides.  In 
addition  to  the  ground  state,  the  B  0"^  state  is  the  only  excited  state  well  studied  for 


TABLE  VIII 

Summary  of  the  Observed  Values  of  the  Low-Lying  Electronic  States  of  the  Silver  Monohaiides 


AgF _ AgO _ AgBr _ 


X'r 

0 

0 

0 

0 

A’  1 

24950.71* 

- 

(-23810<l) 

• 

A  0^ 

29220‘> 

- 

- 

23906C 

BO^ 

31 6630 

31602.650 

31280.430 

31194.060 

»  This  work. 

Data  taken  from  reference  28. 
c  Electronic  symmetry  is  not  clear. 

^  Transitions  around  420nm  mentioned  by  Metropolis  and  Beuiler  in 
reference  17.  No  electronic  symmetry  is  assigned. 
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the  remaining  silver  monohalide  molecules  with  values  smoothly  shifted  to  the  red 
from  AgF  to  Agl.  No  corresponding  stable  0"  states  have  been  observed  for  AgCl 
and  AgBr.  It  should  be  noted  that  the  electronic  symmetry  of  the  A  state  of  Agl  listed 
in  Table  VIII  is  unclear  {28),  This  state  seems  to  more  closely  correlate  with  the 
A’  1  state  rather  than  the  TO"  state  of  AgF.  With  no  electronic  symmetry  assigned. 
Metropolis  and  Beutler  ( 17)  also  mention  transitions  around  420  nm  (23  810  cm'‘ ) 
for  AgBr  which  we  tentatively  associate  with  the  A'  1  state  in  Table  VTII.  The  exper¬ 
imental  search  for  the  similar  A'  1  states  of  AgCl.  AgBr,  and  Agl  is  in  progress  in  our 
laboratory. 


CONCLUSION 

The  TO*  state  has  been  found  not  to  be  the  lowest  excited  electronic  state  of  the 
AgF  molecule  as  previously  indicated  in  Ref.  {28),  About  4300  cm“^  below  the  .-10" 
state,  a  stable  T'  1  state  has  been  observed  and  rovibrationally  analyzed  for  the  first 
time  using  the  combination  of  chemiluminescence  and  pulsed  laser-induced  fluores¬ 
cence.  The  possible  existence  of  similar  stable  =  1  states  for  other  silver  monohalides 
is  predicted.  The  observation  of  this  T'  1  state  is  also  of  importance  for  its  possible 
role  as  an  intermediate  state  in  multiple-resonance  laser  spectroscopy  and  multiphoton 
laser  ionization  experiments. 


ACKNOWLEIXiMENTS 

We  are  grateful  to  Professor  R.  F.  Barrow  for  his  valuable  comments  and  suggestions  on  this  work.  H. 
Wang  would  like  to  thank  Professor  T.  C.  Devore  for  helpful  discussions  on  the  analysis  of  the  spectrum 
and  Mr.  C.  B.  Winstead  for  his  technical  help  in  the  pulsed  laser  system  and  the  data  acquisition  system. 
This  work  was  partially  supported  by  the  Army  Research  Office,  the  Eastman  Kodak  Company,  and  the 
Air  Force  Office  of  Scientific  Research  through  the  Strategic  Defense  Initiative. 


Received:  February  12,  1993 


REFERENCES 

1.  J.  L.  (jOLE,  in  “Advances  in  Metal  and  Semiconductor  Clusters,"  Vol.  I.  “Spectroscopy  and  Dynamics" 

(M.  A.  Duncan,  Ed.),  pp.  159-209,  Jai  Press,  Greenwich,  CT,  1993. 

2.  (a)R.  W.  Woodward,  P.  N.  Le,  M.Temmen.  and  J.  L.  Gole,  J.  Phys.  Chem.  91, 2637-2645  ( 1987): 

(b)  J.  L.  Gole,  Opt.  Sci  Eng.  Ser.  8, 439:  (c)  T.  C.  Devore.  R.  W.  Woodward,  and  J.  L.  Gole. 
J  Phys.  Chem.  92,  6919-6923  ( 1988):  {d)  T.  C.  Devore,  J.  R.  Woodward,  and  J.  L.  Gole.  / 
Phys.  Chem  93,  4920-4923  ( 1989):  (e)  M.  J.  McQuaid  and  J.  L.  Gole,  Opt  Sd.  Eng  Ser  10, 
687. 

3.  T.  C.  Devore  and  J.  L.  Gole,  High  Temp.  Sci.  27,  49-59  ( 1989). 

4.  (a)  M.  Moskovits  ( Ed.),  “Metal  Clusters."  Wiley-Interscience,  New  York.  1986;  (b)  J.  L.  Gole  and 

W.  C.  Stwalley,  ACSSymp.  Ser.  179  ( 1982 ):  (c)  J.  L.  Gole  and  W.  C.  Stwalley,  Symp.  Faraday 
Soc.  14  ( 1980):  (d)  M.  Morse,  Chem.  Rev.  86,  1049-1 109  ( 1986). 

5.  (a)  M.  J.  McQuaid,  K.  Morris,  and  J.  L.  Gole,  J.  Am.  Chem.  Soc.  110,  5280-5285  ( 1988):  (b) 

J.  L.  Gole  in  “Proceedings  of  the  International  Symposium  on  the  Physics  and  Chemistry'  of  Finite 
Systems:  From  Clusters  to  Crystals,"  NATO  ASI  Series  C;  Mathematical  and  Physical  Sciences.  Vol. 
374.  p.  1025.  KJuwer  Academic,  Norwell.  MA.  1992:  (c)J.  L.Gole.  m  “Gas  Phase  Metal  Reactions" 
(A.  Fontijn,  Ed,),  pp.  573-604.  Elsevier/ North-Holland,  Amsterdam/New  York,  1992. 

6.  T.  C.  Devore,  J.  R.  Woodward,  P.  N.  Le,  J.  L.  Gole,  and  D.  A.  Dixon.  J.  Phys.  Chem.  94,  756- 

760(1990). 

7.  S.  H.  Cobb.  J.  R.  Woodward,  and  J.  L.  Gole.  Chem.  Phys.  Lett.  143,  205-213  ( 1988):  156,  197- 

203(1989). 

8.  (a)  W.  H.  Crumley,  J.  L.  Gole,  and  D.  .A.  Dixon,  J.  Chem.  Phys.  16.  6439-6441  ( 1982):  (b) 

W.  H.  Crumley,  Ph.D.  Thesis,  Georgia  Institute  of  Technology.  1985:  (c)  S.  H.  Cobb,  Ph.D.  Thesis. 
Georgia  Institute  of  Technology,  1988. 


THE  A'Q  ^  \  STATE  OF  AgF 


43 


9.  (a)  K.  K.  Shen,  J.  R.  Woodward,  S.  H.  Cobb,  J.  R.  Doughty,  and  J.  L.  Gole,  SPIE  Voi  1397, 
125-135  ( 1991).  (b)  K.  K.  Shen,  H.  Wang,  D.  Grantier,  and  J.  L.  Gole,  m  “Proceedings  of  the 
23rd  AIAA  Plasma- Dynamics  and  Laser  Science  Conference,*’  Nashville,  TN.  pp.  92-2994,  1992. 
W.  (a)  A.  Baldereschi,  W.  Czaja,  E.  Tosatti  and  M.  Tosi,  (Eds.),  “The  Physics  of  Latent  Image 
Formation  in  the  Silver  Halides.”  World  Scientific,  Singapore,  1984.  (b)  T.  H.  James,  Ed.,  “The 
Theory  of  the  Photographic  Process,"  MacMillan,  New  York,  1977.  (c)  A.  Marchetti  and  J. 
Deaton,  private  communication. 

II.  S.  A.  Miller  and  E.  Benn  (Eds.),  “Ethylene  and  Industrial  Derivatives,”  MacMillan,  New  York, 
1977. 

12  B.  A.  Brice,  Phys.  Rev  35,  960-972  (1930). 

IS  B,  A.  Brice,  Phys.  Rev  38,  658-669  ( 1931 ). 

14.  F.  A.  Jenkins  and  G.  D.  Rochester,  Phys.  Rev.  52,  1 141-1 143  ( 1937). 

15.  R.  S.  Mulliken,  Phys.  Rev.  51,  310-332  ( 1937). 

16.  N.  Metropolis,  Phys.  Rev  55,  636-638  (1939). 

17.  N.  Metropolis  and  H.  Beutler,  Phys.  Rev.  55,  1 1 13-1 1 13  ( 1939). 

18.  L.  C.  Krisher  and  W.  G.  Norris,  J.  Chem.  Phys.  44,  391-394,  974  (1966). 

19  E.  Pearson  and  W.  Gordy,  Phys.  Rev.  152,  42-45  ( 1966). 

20.  J.  Hoeft,  F.  j.  Lovas,  E.  Tiemann,  and  T.  Torring,  Z.  Naturforsch.,  A  25,  35-39  ( 1970). 

21.  M.  M.  Joshi  and  D.  Sharma,  Indian  J.  Pure  Appi  Phys.  1,  86  ( 1963).  ' 

22.  R.  M.  Clements  and  R.  F.  Barrow,  Chem.  Comm.  No.  1254, 27-28  ( 1968). 

23.  R.  F.  Barrow  and  R.  M.  Clements,  Proc.  R.  Soc.  London  A  322,  243-249  ( 1971 ). 

24.  T.  C.  Devore,  L.  Brock,  R.  Kahlscheuer,  K.  Dulaney,  and  J.  L.  Gole,  Chem.  Phys.  155,  423- 

433  ( 1991 );  T.  C.  Devore  and  J.  L.  Gole,  submitted  for  publication. 

25.  T.  C,  Devore,  R.  Kahlscheuer,  D.  a.  Dixon,  and  J.  L.  Gole,  submitted  for  publication. 

26.  G.  Herzberg,  “Molecular  Spectra  and  Molecular  Structure.”  Vol.  1.  “Speara  of  Diatomic  Molecules,” 

Second  ed.,  Robert  E.  Krieger,  Malabav,  1989. 

27.  J.  L.  Dunham.  Phys.  Rev  41,  721-731  ( 1932). 

28.  K.  P.  Huber  and  G.  Herzberg,  “Molecular  Spectra  and  Molecular  Structure  IV:  Constants  of  Diatomic 

Molecules,”  Van  Nostrand-Rcinhold,  New  York,  1979. 

29.  K.  F.  Zmbov  and  j.  L.  Margrave,  J.  Phys.  Chem.  71,  446-448  ( 1967). 

30.  K.  Hilpert  and  K.  A.  Gingerich,  Ber.  Bunsenges.  Phys.  Chem.  84,  739-745  ( 1980). 


APPENDIX  Vm 


"Raman  Pumping  in  the  Absence  of  an  External  Light  Source",  D.  Grander,  and  J. 
L.  Gole,  J.  Phys.  Chem.  Letters,  M,  7427  (1994). 


Reprinted  from  The  Jonmel  of  Ph3rficml  Chemistry,  1994,  98* 

Copyright  ©  1994  by  the  American  Chemical  Society  and  reprinted  by  permission  of  the  copyright  owner. 


7427 


Raman  Pumping  in  the  Absence  of  an  External  light  Source 

Daiid  R.  Grantier  and  James  L.  Gole* 

School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
Received:  April  4, 1994^ 


The  first  observation  of  a  chemically  enhanced  resonance  Raman  pumping  process,  observed  in  the  absence 
of  an  external  light  source,  is  reported.  In  an  extended  path  length  reactive  environment,  sodium  dimer  molecules 
are  Raman  pumped  by  radiation  from  the  Na  D-line  produced  by  the  reaction  of  additional  dimer  molecules 
with  bromine  atoms.  The  observed  Raman  spectrum  would  appear  to  result  from  much  more  than  a  simple 
light  scattering  process. 


btrodactioB 

Recently,  we  have  been  concerned  with  the  reactions  of  small 
supersonically  cooled  sodium  molecules  with  halogen  atoms  (Na„ 

+  X— Na  Vi  +  NaX;  X  *  Cl,  Br,  I,  n  =  2, 3).^*^  These  reactions 
have  been  shown  to  demonstrate  gain  on  transitions  involving  the 
electronically  excited  Na2  products  of  the  Nas  +  Br  reaction.^^ 
In  an  extension  of  these  experiments,  focused  on  the  develoi»nent 
of  a  long  path  length  amplifying  medium  employing  slit  source 
based  supersonic  expansions,  we  have  observed  the  first  resonance 
Raman  pumping  generated  in  a  purely  chemical  reactive 
environment.  The  observations  made  in  the  present  study  bear 
a  close  analogy  to  those  of  Wellegehausen,^*^  Bergmann,^  and 
co-workers  in  their  analysis  of  optically  pumped  sodium  dimer 
lasers  operative  on  a  stimulated  Raman  scattering  process.  Here, 
however,  we  observe  a  scries  of  Raman-like  Stokes  and  anti- 
Stokes  features  which  ( 1 )  are  associated  with  the  lowest  vibrational 
levels  of  Naj,  (2)  correlate  with  a  scattering  process  involving  the 
Na  D-linc  components  (Na  3p^3/2,i/:“3s%i/2)  created  in  the 
chemical  reaction  sequence 

Naj  +  Br  —  Na*(3p*P)  +  NaBr 
Na*(3p*P)  —  Na(3s^)  +  Ak  (1) 

(3)  are  not  readily  generated  by  light  scattering  due  to  an  external 
la^  light  source,  and  (4)  appear  to  be  enhanced  by  the 
environment  of  the  reaction  zone  itself.  The  D-line  emission  is 
scattered  by  cooled  sodium  dimers  (Na2)  formed,  as  a  result  of 
supersonic  expansion,  in  the  lowest  vibrational  levels  of  the  Na2 
ground  electronic  state.  Multiple  Stokes  and  anti-Stokes  features 
assigned  as  resonance  Raman  progressions  are  well  simulated  on 
the  basis  of  the  resonance  Raman  theory  outlined  by  Rousseau 
and  Williams*  and  others.*  The  results  of  initial  gain  studies,  in 
which  amplification  has  been  observed  on  many  of  the  Stokes 
and  anti-Stokes  components  of  the  Raman  spectrum,  are 
suggestive  of  a  stimulated  Raman  scanering  proce^  similar  to 
that  associated  with  optically  pumped  alkali  dimer  lasers. 
However,  the  scattering  line  width  T  associated  with  the  present 
process  is  determined  to  be  close  to  4  cm’^  These  results  suggest 
an  unusually  fast  resonance  Raman  scattering  process  which 
appears  to  be  chemically  enhanced. 

Experineata]  Sectioii 

The  apparatus  which  we  have  used  to  generate  high  sodium 
fluxes  in  supersonic  expansion  from  an  extended  slit  source  is 
described  in  detail  elsewhere.*®*"  A  dual  oven  (large  capacity 
(*^350  g)  stagnation  chamber  and  frontal  nozzle  expansion 
channel)  system  has  been  designed  to  produce  a  supersonic  flux 

*  Abstract  puMisbed  in  Advance  ACS  Abstracts,  July  IS,  1994. 
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of  alkali  vapor  through  a  slit  nozzle  approximately  0.(X)3  in.  wide 
by  2  in.  in  length.  The  slit  is  formed  from  two  sheets  of  0.005 
in.  tantalum  prepared,  nKnmted,  and  sandwiched  between  frontal 
and  rear  nozzle  sections.  The  precise  width  of  thecreated  tantalum 
slit  is  adjusted  to 0.003  in.  under  a  Vickers  microscope  and  verified 
for  accuracy  (across  the  length  of  the  slit)  using  single  slit 
diffraction  techniques. 

The  rear  stagnation  chamber  (850-900  K)  and  frontal  nozzle 
expansion  chaimel  (900-950  K)  are  heated  independently. 
Expansion  from  the  slit  source  produces  a  near  planar  flux  (slight 
divergence)  at  the  reaction  region  consisting  primarily  of  sodium 
atoms  and  internally  cooled  dimers.**  In  the  reaction  region,  the 
sodium  flux  is  intersected  at  variaUe  angles  from  above  and  below 
by  two  diverging  but  nearly  planar  bromine  atom  flows  emerging 
aijCA  from  slits  machined  into  graf^te  tube  furnaces*®***  operated 
at  tanperatures*2  r>  1700  K  necessary  to  ensure  a  greater  than 
95%  conversion  of  bromine  molecules  to  bromine  atoms.  At  the 
significant  reactant  fluxes  necessary  to  generate  a  strong  Raman 
scattering  signal,  the  absolute  number  density  of  bromine  atoms 
in  the  reaction  zone  is  ccmscrvativcly  cstimat^*®  at  between  10*^ 
and  10*^  car^  whereas  the  absolute  number  density  of  sodium 
dimers  in  the  reaction  zone  may  exceed  10*®  cnr^. 

The  optical  signature  of  the  long  path  length  sodium  molecule- 
bromine  atom  reaction  zone  is  focused  onto  the  entrance  slit  of 
a  SPEX 1704  gganning  monochromatOT  coupled  to  an  RCA  1 P28 
photomultii^er  tube  (PMT).  The  PMT  is  maintained  at  ^  1000 
V,  and  the  response  current  is  sent  through  an  IEEE  interfaced 
autoranging  picoammeter  (Keithley)  to  an  IBM  compatible  AT 
dass  microcomputer. 

We  have  also  attempted,  unsuccessfully,  to  reproduce  the 
Raman  signal  created  following  the  reaction  sequence  (1)  by 
resonantly  pumping  the  supersonically  expanded  sodium  dimers 
with  external  la^  light.  Intensity  stabilized  broad-band  (mul¬ 
timode)  laser  light  (^1  W)  fnun  an  argon  ion  laser  (Spectra 
Physics,  Model  171)  at  4765  and  4880  A  and  dye  laser  light 

100  mW)  at  5890  and  5896  A  (argon  ion  pumped  R6G)  was 
frequency  chopped  and  passed  through  the  reaction  zone  in  an 
effort  to  generate  a  Raman  scattering  signal  similar  to  that 
observed  from  the  chemical  reaction  pumping.  The  frequency 
content  of  the  emergent  beam  was  again  monitored  with  a 
]n(MK)chiomator-PMT  combination.  The  PMT  response,  detected 
with  a  phase-sensitive  amplifier,  was  digitized  and  stored  in  an 
IBM  AT  class  microcomputer. 

In  addition  to  those  experiments  outlined,  an  optical  configu¬ 
ration  giwinaT  to  the  ingenious  design  of  Roll  and  Mentel*^  was 
constructed  about  the  extended  Na^r-Br  reaction  zone  and  used 

to  measure  optical  gain  on  several  of  the  observed  features  depicted 

in  Figure  1.  These  gain  measurements  are  discussed  in  more 
detail  elsewhere.*® 
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Figure  1.  Survey  spectrum  of  chemiluminescent  emission  and  Raman 
scattering  from  various  electronic  states  of  diatomic  sodium.  The  Na: 
2^Ilj  -►  transition  corresponds  to  a  triplet-triplet  bound-free 

excimer-like  emission  process  (resolution  12  A,  875  K,  TaarTk 

-  935  K). 
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Figwe  2.  Raman-like  spectrum  taken  at  a  resolution  of  ^  1.5  A 
875  K,  Taarxk  ^35  K)  depicting  the  two  Na  D-line  components  and 
the  satellite  Raman  structure.  The  spin-orbit  frequency  difference  of 
the  two  Na  D-line  components  is  repr^uced  in  the  scattered  radiation. 
A  simulated  spectrum  (calculated  from  eq  2)  is  presented  for  comparison 
(Tw,  400  K,  r  «  4  cm-*).  Sec  text  for  discussion. 


Results  and  Analysis 

There  are  several  near-resonant  rovibronic  transitions  associ¬ 
ated  with  the  X *  and  the  A*  2/  sutes  of  Na:^®  and  the  atomic 
emission  from  the  Na  D-lincs,  wpi  and  a?P2  (^P3/2  ^Si/2  at 

16  973.379  cm-*  and  ^1/2  ^Si/2  at  16  956.183  We 

suggest  that  these  near  resonances  are  responsible,  in  large  part, 
for  the  unusually  intense  optical  signature  depicted  in  Figure  1 . 

The  spectrum  in  Figure  1  was  taken  at  a  resolution  of  '^12 
A.  The  relative  intensity  of  the  strong  sodium  dimer  B  X 
chemiluminescence  to  the  even  stronger  Raman-like  emission 
features  symmetrically  surrounding  the  Na  D-line  is  readily 
apparent.  The  frequency  separation  between  adjacent  Stokes 
(anti-Stokes)  features  corresponds  closely  to  155  cm-*,  correlating 
with  the  separations  between  the  lowest  sodium  dimer  ground- 
state  vibrational  leveb.  Despite  considerable  effort,  we  have  found 
that  these  features  cannot  be  made  to  fit  a  resonance  fluorescence 
series  but  can  be  readily  assigned  to  Stokes  and  anti-Stokes  bands 
associated  with  a  resonance  Raman  progressiom.*® 

,  Additional  evidence  suggestive  of  a  Raman  process  is  presented 
in  Figure  2.  The  spectrum  depicted  in  Figure  2  was  taken  under 
equivalent  reaction  zone  conditions  to  those  of  the  spectrum 
depicted  in  Figure  1.  The  intermediate  resolution,  ^1.5  A,  at 
which  this  spectrum  was  obtained  is  sufficient  to  clearly  resolve 
the  atomic  sodium  ^3/2^Pi /j  component  splitting  (^17.2  cm-*) 
while  leaving  individual  rotational  lines  unresolved.  The  relative 
intensities  of  each  of  the  sodium  D-line  components  are  clearly 
evident  in  the  scattered  Raman  emission.  Furthermore,  the 
frequency  separation  of  the  atomic  line  component  splitting  is 
clearly  reproduced  (within  the  experimental  resolution  of  the 
scan)  for  both  the  vibrational  Stokes  and  anti-Stokes  components 
of  the  scattering. 


We  have  successfully  modeled  the  group  of  features  sym¬ 
metrically  surrounding  the  Na  D-iine  with  the  resonant  Raman 
intensity  expression^*® 


i2r\*Ip 

9c*h^ 

y\  3s,  s, - + 

2S .  Sj - 1 


X 


(2) 


where  /,  is  the  total  intensity  for  a  scattered  Stokes  or  anti-Stokes 
line  as  a  function  of  frequency,  o),  and  pump  intensity,  /p,  and 
c  is  the  speed  of  light.  We  consider  transitions  from  an  initial 
rovibrational  ground  electronic  state  of  the  Na2  molecule  labeled 
G  to  some  final  rovibrational  electronic  ground  state  labeled  F 
through  an  intermediate  excited  electronic  state  labeled  I  where 
ii>Gi  and  represent  the  rovibrationic  energy  difference  between 
the  G  and  I  and  I  and  F  levels,  and  T  refers  to  the  line  width 
arising  from  all  damping  phenomena.  The  5j  terms  correspond 
to  the  appropriate  H&il-London  factors  for  the  Na2  A*2o'*‘- 
X*  Sg"**  transition,*®  -A/(io)  represents  the  electronic  matrix  element, 
expressed  as  a  function  of  the  normalized  nuclear  coordinate,  { 
=  R(jui)lhyi\znd  (ufI*?!)  and  (rilrc)  represent  Franck-Condon 
overlap  integrals.  We  have  included  a  thermalized  ground-state 
rotational  distribution  and  a  ground-state  weighting  function 
iV(nG)»  which  represents  the  deviation  from  a  Boltzmann 
distribution.  We  also  allow  pumping  due  to  each  component  of 
the  sodium  D-linc  (a2pi(^P3/2)  and  <i>p2(^Pi/2))  to  contribute  to  the 
scattered  emission  intensity,  /,.  Here,  the  ^p3/2:^Pi/2  intensity 
weighting  resulting  from  the  reaction  populated  D-line  components 
is  3:2,  as  determined  from  the  experimental  spectrum. 

Numerical  calculations*®  were  carried  out  by  allowing  the  near- 
resonant  atomic  sodium  transitions,  and  a>P2,  appropriately 
broadened,  to  pump  the  first  30  levels  in  the  Na2  X*2g'^  state  to 
the  first  70  levels  of  the  Na2  A*^*'**  state.  Decxcitation  from  the 
upper  electronic  state  was  allowed  to  proceed  to  the  first  30  levels 
of  the  ground  state.  Rotational  levels  7",  J'- 0-1 20  were  included 
with  each  vibrational  level  of  both  the  excited  electronic  A* Xu*’’ 
state  and  the  ground  electronic  X*2g'^  state  of  the  sodium  dimer 
scatterer.  Each  simulated  spectrum  produced  in  the  modeling 
program  was  convolved  with  a  Gaussian  function  to  approximate 
the  effects  of  a  finite  spectrometer  slit  width,*® 

The  data  in  Figure  3  depict  the  fit  to  the  vibrational  structure 
surrounding  the  Na  D-line  under  conditions  of  pure  sodium 
expansion.  All  attempts  to  extraa  a  vibrational  temperature 
through  comparison  of  the  observed  and  calculated  Raman  spectra 
were  unsuccessful.  The  low-resolution  (^^12  A)  vibrational 
Raman  spectrum  depicted  in  Figure  3  docs  not  correspond  to  a 
thermalized  vibrational  distribution.  The  calculated  spectrum 
in  Figure  3,  corresponding  to  a  non-Boltzmaim  vibrational 
distribution,  closely  matches  the  experimental  scan  and  also 
provides  a  consistent  fit  to  higher  resolution  spectra.  Although 
the  rotational  population  distribution  may  also  be  non-Bdtzmann, 
we  find  that  with  an  effective  rotational  temperature  of  400  K 
we  are  able  to  obtain  a  close  agreement  between  the  experimental 
and  calculated  spectrum  depicted  in  Figure  4.  This  suggests  that 
only  slight  modifications  from  a  thermalized  distribution  will  be 
necessary  to  exactly  fit  the  rotational  features.  We  need  consider 
elsewhere  that  there  are  several  possible  sources  for  the  deviation 
of  the  Raman  scattering  features,  depicted  in  Figure  3,  from  a 
thermalized  vibrational  distribution.*® 
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FigwcS.  C^pansonofexperimentAlspectrumwithcomputer'iDodeled 
distributioD (resohuion  ^  5  A,  Tm  875K,  7^^  ~  935  K).  Optimum 
agreement  between  calculation  and  experiment  was  found  for  the  slightly 
Dontbennal  distribution  depicted  in  the  u{^  right-hand  comer  of  the 
figure.  A  Boltzmann  distribution  at  400  K  is  included  for  compariKm. 
See  text  for  discussion. 
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reveal  optical  signatures  corresponding  to  those  depicted  in  Hgures 
1--4.  In  fact,  while  it  was  possible  to  excite  laser-induced 
nuorescenoe  correspcmdiDg  to  the  Na2  A-X  aiKl  B-X  band  systems 
analogous  to  that  observed  previously, although  at  somewhat 
higher  temperatures  in  the  present  experiments,  no  clear  Raman 
features  were  generated  result  also  suggests  a  more  efficient 

process  than  that  associated  with  resonance  Raman  pumping. 

These  results  suggest  that  we  have  observed  more  than  a 
"‘simple*  Raman-like  scattering  process.  We  might  consider  a 
further  long-range  interaction  of  the  electronically  excited  sodium 
atoms  with  those  Na:  molecules  which  are  Raman  pumped, 
an  interaction  of  theNa:  molecules  with  the  Br  atoms  that  induces 
a  time-varying  enhancement  of  the  dimer  polarizability  (hyper¬ 
polarizability)  or  (less  likely)  the  presence  of  a  large  electric  Held 
created  due  to  the  reactive  environment  in  the  vicinity  of  the 
reactionzone.  It  would  appear  that  this  interaction  or  perturbation 
leads  to  a  much  more  efficient  Raman-like  scattering  process 
and  appears  to  demonstrate  a  stimulated  Raman  gain  condition.*^ 

While  further  experiments  will  be  necessary  to  clarify  the 
medianism  for  the  scattering  process,  the  long  path  length  reaction 
zone  employed  in  these  experiments  appears  to  have  revealed  the 
manifestation  of  a  significant  cooperative  phenomena.  The 
moderate  Rydberg  character  of  the  Na  3p^  excited  state,  with 
its  diffuse  electron  density,  may,  in  fact,  lend  itself  to  a  considerable 
kmg-range  interaction  i^udng  cooperative  effects.  The  assess¬ 
ment  of  these  cooperative  effects  awaits  further  study. 
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Figwe  4.  High-resdution  spectrum  (  ^0.5  A)  tad  simulated  spcctn  for 
F  »  0.1, 1,  and  4  cm‘*  demonstrating  the  marked  improvement  in  the 
fit  to  the  exp^imental  Raman-like  features  for  increasing  values  of  F. 
See  text  for  discussion. 

A  still  higher  resolution  scan  (^0.4  A)  of  the  Hrst  Stdees  and 
anti-Stdees  features  is  depicted  and  computer  simulated  in  Hgure 
4.  The  computer  simulation  is  again  based  on  the  application  of 
eq  2.  In  a  surprising  result,  we  find  that  a  line  width  F  4  cm*** 
is  required  to  provide  optimum  agre^ient  between  the  simulated 
and  experimental  results  with  correlation  coeffidents  exceeding 
0.92  for  the  anti-Stokes  and  0.89  for  the  Stokes  features, 
respectively.  A  further  confirmation  of  the  required  line  width 
is  also  indicated  in  Hgure  4  where  we  compare  the  experimental 
spectrum  to  F  »  4-,  1-,  and  0.1-cm'^  simulations  bas^  on  eq  2. 

While  there  are  improvements  that  can  be  made  in  the 
simulations  depicted  in  Figure  4,  it  is  unlikely  that  simple  power 
broadening  can  be  responsible  for  the  large  effective  line  width 
indicated  by  our  spectral  simulations.  On  the  basis  of  the  required 
power  broadening  for  a  two-level  quantum  system  drivra  at 
resonance,  we  estimate  that  an  electric  field  of  1.3  kV/cm  and 
an  absolute  power  density  of  ^0.21  S  MW/cm^  are  necessary  to 
produce  the  requisite  spectral  broadening  of  4  cm^L 

The  apparent  spectral  broadening  suggests  the 

possibility  of  a  scattering  lifetime  of  order  s,  implying  a 
I^ocess  which  is  considerably  more  efficient  than  would  be 
expected  on  the  basis  of  resonance  Raman  pumping  involving  the 
Na2  A-X  transition  (^  1(H  s  based  on  the  radiative  lifetime^*). 
Several  additional  experiments  invdving  the  direct  pumping  of 
the  sodium  expansion  in  the  absence  of  bromine  atom  reactant 
at  the  Na  D-line  frequencies  (argon  ion  pumped  R6G)  and  at 
4765  and  4880  A  using  a  multimode  argon  ion  laser  failed  to 


References  and  Notes 

(1)  Cnimtey.  W.H.;CWe.J.U  Dixon,  D.  A. 7*^5.1902,76, 
6439. 

(2)  (a)  Gok,  J.  L.  Tbc  Unique  Ntture  of  Metal  Ouster  Oxidation.  In 
Physia  and  Chemistry  of  Finite  Systems:  From  Ousters  to  Crystals',  Jena, 
P.,  Khanna,  S.  N.,  Rao,  B.  K.,  Eds^  NATO  ASI  Ser.  VoL  U;  1992;  p  1025. 
(b)  Gole,  J.  L  Toward  the  Modeling  of  the  Oxidatioo  of  Small  Metal 
and  Metalloid  M<rfecalcs.  In  Gas  Phase  Metal  Reactions,  Fontijn,  A.,  Ed.; 
North-HoUaDd:  Anntenlain,  1992;  pp  578-604.  (c)  Gde,  J.  L.  Tbe  Unique 
Compiexatioo  and  Oxidatioo  of  Metal-Based  Ottsten.  InAdoaneesinMetal 
and  Semiconductor  Ousters,  Duncan,  M.  A.,  Ed.;  JAI  Press:  London,  1993; 
Vol.  1,  pp  159-209. 

(3)  Col^  S.  H4  Woodward,  J.  R.;  Gole,  J.  L.  Chem.  Phys.  Lett.  1989, 
156, 197. 

(4)  *CbemicaIly  Driven  Poised  and  CootmuoosVttible  Laser  Amplifiers 
and  OscOlaton*,  with  K.  K.  Shen,  H.  Wang,  and  D.  Grantier,  Invited  Talk, 
Proceedings  of  the  23rd  AlAA  Plaama-Dysamics  and  Laser  Sdcnce  Confer¬ 
ence,  NashviUe,  Teanemce,  AIAA  92-2994,  1992. 

(5)  Wellegehausen,  B.  IEEE  J.  Quantum  Eledron,  1979, 15, 1 108. 

(6)  WeU^diauten,  B.  In  Metal  Bondini  and  Interactions  in  High 
Temperature  Systems  with  Emphasis  on  Alkali  Metals,  ACS  Symp.  Ser. 
179;  Gde,  J.  L.,  Stwalley,  W.  C.,  Eds.;  American  Chemicil  Society: 
Washington,  DC  p  462. 

(7)  Ganbatz,  U4  Msaantz,  kU  Hefter,  U.;  Colomb  de  Dannant,  1.; 
Bergmann.  IC  looes,  P.  L  J.  Opt.  See.  Am.  1989, 6,  1386. 

(8)  Roosmau,  D.  L.;  Wiffiams,  P.  F.  /.  Cfcem.  Phys.  1976, 64,  3519. 

(9)  See,  for  example:  Tang,  J  4  Albrecht  AC.  In  Roiimr  Spectroscopy; 
Szymanski,H.A.,Ed.;Plenttm:  NewYork,  1970; Vol 2, pp 33-68.  Albrecht, 
A  C.  J.  Chem.  Phys.  1961,  34, 1476. 

(10)  Grantier,  D.R^  Gole,  J.L  Chemically  Enhanced  Raman  Scattering, 
to  be  submitted  for  pnblicatkxL 

(11)  (3rintier,D.;  Wang,  H.;WiiisteMl,C.B4  Gole,  J.L.  Proceedings  of 
the  24th  AIAA  Plasma  Dynamics  and  Lasen  Conference,  Orlando,  FL,  AIAA 
93-3207, 1993. 

(12)  Cobb,  S.  PhJ).  Thesis,  Georgia  Institute  of  Technology,  Atlanta, 
GA  1988. 

(13)  Roll,  Mcmd,  J.  /.  nyt.  D:  Appl.  Phys.  1M9,  22,  483. 

(14)  Moore,  CE../4lefiiic£ii0XKLa»/r,Natia(ialBiiraau  of  Suadords; 
Waihinfun,  DC,  1949. 

(15)  ZemkB,  W.  T.;  Vemu.  K.  K.;  Vu,  T.:  StwtUey,  W.  C.  J.  Mol. 
Sptarose.  mi,  85,  ISO. 

(16)  Cole,  J.  L.;  Greeo,  G.  P»ce,  S.  A.;  Pre««,  D.  R.  J.  Chem.  Phys. 
19«2,  76. 2247. 


APPENDIX  IX 


"The  E?q)ansion  of  Small  Molecule  Configuration  Space:  Highly  Efficient  Long  Range 
Stabilization  and  Energy  Transfer  Involving  Electronically  Excited  States",  D.  R. 
Grander,  and  J.  L.  Gole,  High  Temp.  Science,  in  press. 


Abstract 

Highly  efficient  long  range  interactions  in  high  temperature  reactive 
environments  are  exemplified  with  two  studies.  A  combination  of  single  and 
multiple  collision  chemiluminescent  studies  has  been  used  to  (1)  demonstrate 
the  highly  efficient  collisional  stabilization  of  electronically  excited  Group 
IIA  dihalide  collision  complexes  formed  in  direct  M  +  X2  ^  MX2  reactive 
encounters,  (2)  delineate  the  first  direct  evidence  for  symmetry  constraints 
associated  with  dihalide  formation  in  the  M  +  X2  insertion  process,  and  (3) 
obtain  the  first  discrete  emission  spectra  for  these  dihalide  complexes.  A 
demonstrated  collisional  stabilization  not  readily  explained  within  the  RRKM 
framework  suggests  that  new  models  will  be  necessary  to  explain  the  efficient 
interaction  of  electronically  excited  states.  Information  provided  on  the 
efficient  stabilization  of  excited  state  intermediate  complexes  defines  a 
much  broader  range  of  interaction  than  has  typically  been  associated  with 
collisional  stabilization  phenomena.  The  importance  of  long  range 
interactions  is  further  demonstrated  by  the  first  observation  of  a  chemically 
enhanced  stimulated  resonance  Raman  pumping  process.  Observed  in  the  absence 
of  an  external  light  source.  In  an  extended  path  length  reactive  environment, 
sodium  dimer  molecules  are  Raman  pumped  by  radiation  from  the  Na  D-line 
produced  by  the  reaction  of  additional  dimer  molecules  with  bromine  atoms. 

The  observed  Raman  spectmim  would  appear  to  result  from  much  more  than  a 
simple  light  scattering  process.  The  demonstrated  interaction  ranges  and  the 
enhanced  interaction  of  high  temperature  molecules  in  general  have  direct 
implication  for  the  understanding  of  molecular  formation  and  energy  transfer 
in  the  high  stress  environments  which  include  combustors  and  high  impulse 
propulsion  systems. 
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It  is  a  pleasure  to  contribute  this  paper  to  the  Margrave  Symposium 
Volume  of  High  Temperature  Science.  John  Margrave  has  demonstrated  an  amazing 
versatility  in  the  scientific  problems  with  which  he  has  been  involved.  In  a 
very  strong  sense  this  is  reflected  in  the  diversity  of  students  both  graduate 
and  undergraduate  which  have  matriculated  in  his  laboratory  and  whose 
interests  and  pursuits  range  from  inorganic  synthesis  to  fundamental  problems 
in  chemical  physics.  The  symposium  in  his  honor  at  Rice  University  on  April 
29,  1994  brought  together  many  old  friends  and  produced  some  very  interesting 
tales . 

This  paper  discusses  topics  which  relate  to  the  enhanced  interactions 
characteristic  of  high  temperature  reactive  environments.  The  storage  and 
efficient  conversion  of  the  energy  generated  in  (1)  the  products  of  highly 
exothermic  reactive  processes,  (2)  highly  dense  plasma-like  reactive 
environments,  and  (3)  the  non-equilibrium  laser  based  stimulated  emission 
process  can  be  influenced  by  similar  althoiigh  sometimes  complex  mechanisms. 

The  realization  of  the  potential  conversion  efficiency  of  these  systems 
requires  that  we  identify  overriding  factors  associated  not  only  with  chemical 
reactivity  but  also  with  poorly  understood  energy  transfer  and  stabilization 
processes . 

Through  a  series  of  unique  coupled  experiments^'^  spanning  a  seven  decade 
pressure  range  from  the  near  "single  collision"  pressure  regime  associated 
with  the  nascent  products  of  chemical  reaction  to  the  moderate  pressure 
diffusion  flame  environment,  we  observe  the  clear  manifestation  of  long  range 
energy  transfer  and  stabilization.  We  suggest  that  the  processes  of  interest 
may  influence  the  dynamics  of  reactive  interaction  and  energy  pooling  in 
combustion,  propulsion,  plasma,  and  laser  environments,  by  utilizing  the 
substantial  configuration  space  encompassed  by  a  diffuse  excited  state 
electron  daosity.  There  have  been  few  concerted  efforts  to  assess  and  model 
these  efficient  pathways  which  we  exemplify  by  outlining  two  ongoing  studies 
involving  (1)  an  evaluation  of  the  extremely  efficient  radiative  three  body 
collisional  stabilization  of  Group  IIA  atom  (Ca, Sr, Ba) -halogen  molecule 
reactive  encounters  leading  to  dihalide  excited  state  formation  and  (2)  the 
first  chemically  induced  Raman  pumping  of  a  diatomic  molecule  in  the  absence 
of  an  external  light  source. 
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SYMflSm  OQHSmiNID  DYNAMICS  OF  GBOQP  IIA  DIHALIDB  FQRMATIQN 


The  transformation  from  covalent  to  ionic  bonding  and  its  influence  on 
molecular  electronic  structure  and  reaction  dynamics  has  long  been  fundamental 
to  our  understanding  of  chemistry,  attracting  the  interest  of  chemists  and 
chemical  physicists  alike. ^  The  reactions  which  form  the  Group  IIA  dihalides 
can  be  studied  to  provide  insights  for  our  understanding  of  these 
transformations  and  the  nature  of  intermediate  complex  formation  as  strong 
ionic  chemical  bonds  are  formed.  Through  a  series  of  selected  preliminary 
experiments,  we  have  obtained  a  wealth  of  evidence  which  casts  new  light  on 
the  dynamics  of  Group  IIA  dihalide  formation  via  Group  IIA  metal -halogen 
molecule  reactions.  Further,  we  identify  a  symmetry  constrained  dynamics 
associated  with  the  electron  jump  harpooning  process  and  the  formation  of 
long-lived  MX2  ionic  complexes  where  M  corresponds  to  the  Group  IIA  metal 
(M»Ca,Sr,Ba)  and  X  to  a  halogen  atom  (X»Cl,Br,l).  These  complexes,  while 
forming  via  a  direct  M  +  X2  insertion  reaction,  are  subject  to  a  highly 
efficient  collisional  stabilization  which  may  well  exemplify  the  extended 
range  of  interaction  (cross  section)  characteristic  of  many  high  temperature 
molecules. The  controlled  collisional  relaxation  of  the  Group  IIA  dihalide 
excited  states  has  now  produced  the  first  discrete  spectroscopic  data  on  the 
low-lying  and  ground  states  of  these  highly  ionic  high  temperature  molecules, 
greatly  aiding  mechanistic  interpretation.  The  results  which  we  outline 
suggest  that  the  study  of  these  systems  will  provide  an  abundance  of  both 
dynamic  and  spectroscopic  information,  providing  an  opportunity  for  the 
systematic  study  of  chemical  and  structural  properties  as  they  influence  both 
reactivity  and  molecular  electronic  structure  and  leading  to  detailed  periodic 
correlations  which  are  basic  to  chemistry. 

The  Group  IIA  dihalides  have  been  studied  extensively  by  Hildenbrand^® 
who  has  used  an  astute  combination  of  mass  spectrometric  data  and  a  variety  of 
structural  estimates  to  evaluate  the  validity  of  ionic  models.  As  Table  I 
demonstrates,  the  IIA  halides  are  unusual  in  that  the  strength  of  the  second 
halogen  bond  is  at  least  comparable  to  or  considerably  greater  than  that  of 
the  first.  In  other  words,  the  atomization  energy,  especially  of  the  heavier 
halogen  dihalides,  is  at  least  twice  the  dissociation  energy  of  the  metal 
monohalide.  This  bonding  characteristic  suggests  that  the  Group  IIA-halogen 
molecule  reactions  might  present  ideal  systems  in  which  to  study  few  body 
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complexation  processes  and  hence  the  efficient  collisional  stabilization  of 
intermediate  complexes.  Further,  any  spectroscopic  data  obtained  on  the 
dihalides,  in  combination  with  a  firm  thermochemical  base,  furnishes  an 
important  link  to  further  refine  the  extent  and  validity  of  the  ionic  models 
which  Hildenbrand^^  and  others^^  have  developed  to  aid  our  understanding  of 
high  temperature  chemistry.  Within  the  framework  of  modeling  reactivity  and 
structure,  the  Group  IIA  metal  reactions  offer  a  wide  range  of  atomic  size  as 
well  as  change  in  ionization  potential  and  electron  affinity.  Their  diversity 
far  exceeds  that  of  the  much  simpler  alkali  metals,  yet  they  are  sufficiently 
simple  so  as  to  render  detailed  modeling  both  useful  and  definitive. 

A  Clarification  of  Historical  Perspective 

The  reactions  of  Group  IIA  metal  atoms  and  halogen  molecules  have  been 
studied  under  near  single  collision  conditions  in  low  pressure  (10  ^  -  10  ^ 
Torr)  beam-gas  or  beam-beam  environments  by  a  number  of  researchers.  The 
analysis  of  their  experimental  results  has  been  both  controversial  and  ever- 
evolving.  As  first  observed  by  Jonah  and  Zare^^,  for  the  Ba  +  CI2  reaction 
(Fig.  1),  the  Group  IIA  metal  (M»Ca, Sr, Ba) -halogen  molecule  (X2  »  Cl2,Br2,l2) 
reactions  produce  a  broad  structureless  emission  feature  (see  Figs.  1,2) 
spanning  the  near  ultraviolet  and  visible  regions.  Jonah  and  Zare  initially 
attributed  this  feature  to  a  two-body  (M  +  X2)  radiative  association  viz. 

M  +  X2  -»  MX2*  (la) 

MX2*  -»  MX2  +  hv  (lb) 

first  order  in  the  Group  IIA  metal  and  halogen  molecule*  However,  Wren  and 
Menzinger^^  soon  revealed  a  quadratic  dependence  of  the  light  emission  on 
oxidant  pressure*  This  second  order  oxidant  pressure  dependence,  dominating 
at  pressurms  as  low  as  3xl0~^  Torr.  appeared  to  signal  the  presence  of  a 
three-body  radiative  recombination  process. 


M  +  X2  ■»  MX2*''’, 

(2a) 

MXz*'’’  +  X2  -»  MX2*  +  X2 

(2b) 

MX2*  MX2  +  hv 

(2c) 

under  conditions  generally  identified  with  the  single  collision  pressure 
regime.  Here  the  dagger  signifies  that  the  MX2  species  is  formed  at  energies 
above  its  dissociation  limit,  however,  the  partitioning  of  the  available 
energy  into  internal  excitation  and  product  translational  motion  is  not 
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specified.^ 

In  envoking  mechanism  (2),  Wren  and  Menzinger^^  thus  suggested  a  very 
efficient  collisional  stabilization  process  operative  in  the  micro-torr 
region,  involving  a  collision  complex  of  some  considerable  extent.  The 
viability  of  an  enhanced  interactive  range  of  electronically  and/or  highly 
vibrationally  excited  species  is  supported  by  recent  studies  of  energy 
transfer  collisions  with  the  excited  states  of  high  temperature  molecules. 
However,  Rosano  and  Parson^^  noted  that  (within  an  RRKM  framework),  in  order 
for  step  (2b)  to  be  significant,  the  quasibound  MX2  would  have  to  have  an 
unusually  long  lifetime,  'v-lO'^s  at  10“^  Torr;  if  its  lifetime  is  estimated  to 
be  on  the  order  of  a  molecular  vibration,  'vlO'^^s.  the  pressure  would  have  to 
be  on  the  order  of  an  atmosphere.  The  results  which  we  outline  in  following 
sections  would  suggest  that  these  argtiments,  while  soundly  based,  require 
modification  as  the  reactions  of  interest  are  characterized  by  a  much  broader 
range  of  complex  interaction. 

In  the  absence  of  additional  information,  the  considerations  outlined 
above  lead  Menzinger,^^  Rosano  and  Parson, and  Engelke^^  to  conclude  that 
the  third  order  dependence  for  MX2*  formation  must  be  due  exclusively  to  two 
sequential  harpooning  processes 


M  +  X2  ^  MX'*'  +  X 

(3a) 

MX"^  +  X2  ^  MX2*  +  X 

(3b) 

MX2*  -»  MX2  +  hv 

(3c) 

involving^^  highly  vibrationally  excited  groxmd  state  MX(X^S'*’).  To  support 
this  mechanism  these  authors  have  noted  the  small  amount  of  product  recoil  for 
step  (3(a))^^  and  the  "apparent"  insensitivity  of  the  MX2*  emission  to 
addition  of  a  nonreactive  buffer  gas.^^  Further,  in  pointing  out  the 
established  "known"  validity  of  mechanism  2,  Menzinger^^  has  also  argued  that 
the  low  ionization  potential  for  MX(X^Z‘*‘)  (slightly  below  that  of  the  metal 
atom^^  and  decreasing  for  vibrationally  excited  MX)  establishes  that  reaction 
(3(b))  corresponds  to  a  more  efficient  electron  jump  process  than  reaction 
(3(a)). 

Although  the  arguments  of  Rosano  and  Parson  favoring  mechanism  (3). 
focused  on  the  MX2  excited  state  radiative  lifetime,  can  be  compelling,  they 
result,  in  large  part,  from  a  misconception^^  concerning  the  nature  of  the 
lowest  energy  dihallde  excited  electronic  states.  It  is  likely  that  at  least 
the  lowest-lying  dihalide  transition  (A-X  band  system)  does  involve  a  long- 
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lived,  i.  10"^  sec,  excited  electronic  state. ^  Therefore,  provided  that 

bound  excited  state  levels  are  populated  (which  the  extent  of  the  emission 
continue  in  Figures  1  and  2  suggest  and  which  multiple  collision  relaxation 
studies  confirm),  the  collisional  stabilization  of  a  long-lived  electronically 
excited  dihalide  emitter  is  possible.  However,  this  is  a  requirement  which 
becomes  less  stringent  if  the  formed  Group  IIA  dihalide  complex  is  capable  of 
interaction  over  a  much  longer  range. ^ 

Periodicity  of  Group  IIA  Dihalide  States 

Klemperer  et  al.^^,  using  the  technique  of  electric  quadrupole  deflection 
of  molecular  beams,  determined  the  grid  of  dihalide  geometries  outlined  in 
Table  II.  This  table  demonstrates  clear  trends  as  linear  geometries  are 
favored  by  the  light  metal-heavy  halogen  combination  whereas  bent  structures 
are  favored  by  the  heavy  metal-light  halogen  combination.  These  geometric 
trends  can  be  explained^^'^^  on  the  basis  of  a  modification  of  Walsh's 
correlation  diagrams  for  AB2  type  molecules  to  take  into  account  the  influence 
of  normally  unfilled  d  orbitals  on  the  metal  atom.  The  IIA-dihalides  are 
predicted  to  be  strictly  linear  if  described  using  only  s  and  p  orbitals 
within  the  Walsh  framework.  The  strongly  ionic  character  of  the  Group  IIA 
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dihalides  also  leads  to  important  modifications  of  the  Walsh-type  diagram.'^-’ 

Figure  3  corresponds  to  a  molecular  orbital  correlation  diagram  for 
BeF2.^^  Here  we  plot  valence  orbital  energy  as  a  function  of  bond  angle.  The 
orbital  occupation  for  the  ground  state  of  BeF2  is  complete  through  the  itg 
orbital  (16  valence  electrons).  It  is  clear  that  the  s\im  of  the  valence 
orbital  energies  leads  to  the  prediction  of  greatest  stability  for  a  bond 
angle  of  180°. 

The  makeup  of  the  valence  molecular  orbitals  in  BeF2  has  been  discussed^ 
and  comparisons  of  the  BeF2  correlation  diagram  (Figure  3)  with  Walsh's 
valence  molecular  orbital  diagram  for  CO2  have  been  made.  For  our  purposes, 
it  is  important  to  note  that  the  lowest  energy  excited  states  in  BeF2  are 
predicted  to  result  from  transitions  Involving  the  highest  occupied  itg(b2) 
and  ■ng(a2)  molecular  orbitals  of  the  ground  state  to  the  lowest  unoccupied 
OgCai)  molecular  orbital.  This  is  in  contrast  to  the  case  of  CO2  where 

B 

experiments  have  confirmed  Walsh's  prediction  that  the  lowest  energy 
transitions  are  from  the  iTg(b2)  T^g(a2)  molecular  orbitals  to  the 
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molecular  orbital.  This  predicted  change  in  the  ordering  of  the  ituCa^)  and 
Og(aj^)  orbitals  for  BeF2  and  CO2  suggests  that  the  lowest  energy  transitions 
in  BeF2  and,  for  that  matter,  several  of  the  remaining  Group  IIA  dihalides, 
should  be  quite  weak  in  absorption  since  a  (g-^g)  transition  is  electric 
dipole  forbidden  for  the  linear  molecule.  In  fact,  the  lowest  energy  HOMO- 
LUMO  transition  (analog  of  A^IIg  -  X^Zg'*’  for  the  linear  dihalide)  has  not  been 
observed  even  in  attempted  studies  of  the  absorption  spectrum  for  the  highly 
bent  BaF2  molecule.  Researchers  have  been  lead  to  believe^^  that  the 
absorption  spectra  for  these  inherently  high  temperature  molecules  cannot  be 
obtained  and  studied;  however,  the  experimental  results  which  we  discuss  in 
the  following  sections  demonstrate  otherwise  and  fingerprint  regions  for 
studying  this  spectroscopy. 

In  emission,  one  might  expect  to  observe  reasonably  intense  transitions 
from  a  ^B2  state  [electron  configuration  ...  (Ia2)^  (4b2)(6ai)  for  the 
highest  three  valence  orbitals]  as  the  spectrum  is  expected  to  involve  long 
progressions  in  the  bending  mode  of  the  upper  and  lower  states.  However,  as 
can  be  noted  in  the  pressure  dependence  of  the  multiple  collision  relaxed 
chemiluminescent  emission,^  these  transitions  will  also  feel  the  effect  of 
the  g-g  selection  rule.  Transitions  from  the  ^A2  state  [electron 
configuration  ...  (Ia2)  (4b2)^(6a]^)  for  the  highest  three  valence  orbitals) 
would  be  expected  to  be  very  weak  due  to  the  electric  dipole  selection  rules 
f  -  a  C2v  molecule.  Transitions  from  the  ^B2  states  are  "spin  forbidden"  and 
a  e  therefore  also  expected  to  be  weak.  We  anticipate  the  change  in  bond 
angle  which  accompanies  these  lowest  energy  transitions  to  be  so  pronounced 
that  the  observed  emission  spectrum  can  be  expected  to  extend  over  several 
hundred  angstroms.  This  is  evidenced  by  an  emission  system  tentatively 
ascribed  to  the  ^82  -  X^A^  (A-X)  transition  (see  Figures  4  and  5)  observed 
under  multiple  collision  conditions,  and  resulting  from  Ca-Cl2,  Ca-Br2,  Sr-Cl2 
(Figs.  5,6),  and  Sr“Br2  (Figs.  4,6)  reactive  encounters.  At  elevated 
pressures,  the  A-X  band  system  feature  (Figs.  4,5)  which  extends  from  the 
fringes  of  the  ultraviolet  to  considerably  longer  wavelength  is  efficiently 
quenched  relative  to  the  B-X  band  systems  indicated  in  Figs.  4  and  6,  as 
would  be  expected  for  a  long-lived  excited  state. ^ 

Transitions  which  involve  excitation  fr<«n  the  Xg  to  the  valence 
molecular  orbital  (Fig.  3)  are  expected  to  occur  at  higher  energy.  These 
electric  dipole  allowed  transitions  should  be  characterized  by  both  a  strong 
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absorption  and  emission  spectmm,  the  latter  of  which  has  tentatively  been 
identified  for  the  Ca-Cl2,  Ca-Br2,  Sr-Cl2  (Fig.  6),  Sr-Br2  (^igs.  4,6)  and 
Sr-ICl  (Pig.  6)  (SrICl-transition  is  ir  to  it)  systems  at  the  fringes  of  the 
ultraviolet.  The  bond  angle  change  accompanying  this  transition  will  not  be 
as  pronounced  as  that  accompanying  the  lowest  energy  band  system,  however  the 
change  from  n-nonbonding  to  Tt-antibonding  character  should  result  in  a 
progression  in  the  dihalide  stretching  frequency.  Features  ascribed  to  this 
mode  have  tentatively  be  associated  with  the  observed  emission  spectra  (see 
also  Figures  6  and  7). 

Periodicity  of  Group  IIA  Dihalide  Pormation 

"Near  'Single  Collision*  Studies  and  Symmetry  Effects" 

The  Group  IIA  metal -halogen  molecule  reactions  involve  the  interaction  of 
metals  with  reasonably  low  ionization  potentials'^  and  halogen  molecules  of 
high  electron  affinity. They  are  therefore  expected  to  proceed  via  an 
electron  jump  process  whereby  the  Group  IIA  atom  throws  out  an  electron  to 
harpoon  the  halogen  molecule,  forming  an  X2~  complex.  The  data  presented 
in  Figures  1  and  2  obtained  under  near  single  collision  conditions  (10“^  - 
10"^  Torr)  for  the  Ba-Cl2,  Ba-Br2,  and  Ba-l2  reactions,  exemplifies  the 
"continuum"  emissions  observed  for  the  Ca,  Sr,  and  Ba  reactions  with  CI2, 

Br2,  and  I2.  The  spectra  are  dominated  by  dihalide  emission  features 
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extending  from  'V'  3000  to  6000  A.  The  apparatus  used  to  obtain  these 
experimental  results  has  been  discussed  elsewhere . ^ ^  In  contrast  to  the  Ca, 
Sr,  and  Ba  reactions  with  the  chlorides,  bromides,  and  iodides  which  yield  a 
spectrum  dominated  by  Group  IIA  dihalide  emission,  the  reactions  involving  F2 
are  strongly  doninated  by  emission  from  the  monofluorides.  Only  a  weak 
emission  continuum  is  observed  (3500-5000  %)  for  the  magnesium  system  and  this 
emission  is  fotmd  to  be  quadratic  in  the  fluorine  molecule  concentration. 

This  clearly  represents  an  iiq>ortant  periodic  trend  in  dihalide  formation.  In 
retrospect,  the  lack  of  a  notable  difluoride  emission  for  the  Mg,  Ca,  Sr,  and 
Ba  reactions  casts  suspicion  on  the  double  harpoon  mechanism  (3)  since  this 
reaction  sequence  easily  supplies  the  energy  necessary  (see  Table  I)  to  access 
difluoride  excited  states.  We  suggest^  that  these  characteristics  may 
result,  at  least  in  part,  because  the  fluorine  molecule  negative  ions  produced 
in  the  electron  jiasp  process  dissociate  much  more  rapidly  than  do  the 
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corresponding  Cl2”»  Br2”*  or  I2”  ions.  However,  we  must  also  note  that, 
whereas  Dq®(MF2)  *  2Dq°(MF),  the  atomization  energies  of  the  chlorides, 
bromides,  and  iodides  well  exceed  twice  the  metal  monohalide  bond  energy. 

An  important  synmetry  constraint  is  signaled  by  the  intensity  of  the 
emission  from  the  dihalides  formed  in  the  reactions  of  Ca,  Sr,  and  Ba  with  the 
mixed  halogen  molecules  IBr  and  ICl.  This  is  illustrated  in  Figure  2  where  we 
compare  total  scans  for  the  Ba  +  I2,  Ba  +•  IBr,  and  Ba  +  Br2  reaction  systems. 
These  scans,  which  demonstrate  a  much  weaker  emission  for  heteronuclear 
halogen  molecule  reaction,  were  taken  under  the  same  resolution  and  with 
nearly  identical  halogen  pressures  and  metal  beam  fluxes.  Similar,  if  not 
more  pronounced,  results  have  been  observed  when  comparing  the  tri>groupings 
Ba  CI2,  ICl,  and  I2.  We  will  suggest  that  the  dominant  intensity  for  the 
CI2,  Br2»  and  I2  reactions  results  because  of  the  C2v  reaction  path  available 
to  the  homonuclear  but  not  accessible  to  the  heteronuclear  halogen  reactions. 
The  availability  of  this  C2y  reactive  geometry  (conical  intersection)  promotes 
excited  state  dihalide  formation  for  M  -f  X2  but  not  M  4-  XY  reactive 
encoxinters.  These  effects  can  certainly  be  sianifest  in  the  collisional 
stabilization  mechanism  (2)  but  not  in  the  two  step  harpoon  mechamism  (3). 
While  the  difference  in  continuum  intensity  is  quite  pronounced  for  the  barium 
reactions,  this  difference  decreases  for  the  strontium  reactions  and  is  almost 
muted  for  calcium.  This  behavior  is  consistent  with  the  electron  jump  model 
and  an  increasing  characteristic  velocity  at  the  curve  crossing  region 
associated  with  an  M  +  X2  +  X2”  "outer  harpooning"  process  (see  also 

following)  which  diminishes  the  coupling  (cross  section)  for  the  interaction 
of  the  M  +  X2  and  +  X2”  curves. 

''Miltiplm  CoUlaioii  Imlaxation  Studies'* 

The  successful  extension  of  the  low  pressure  studies  outlined  above,  in  a 
controlled  manner,  using  prisiarily  helivim  buffer  gas,  provides  the  means  to 
collisionally  relax  the  dihalide  continuum  so  as  to  reveal  what  appear  to  be 
three  discrete  band  systems.  This  is  a  key  step  in  the  unraveling  of  the 
dynamics  of  these  systems.  Thusfarj  we  have  successfully  relaxed  the  contin¬ 
uous  emission  features  associated  with  the  Ca-Cl2,  Ca-Br2,  Sr-Cl2,  Sr“Br2, 
Sr-l2,  and  Sr-ICl  reactive  encounters.  The  overview  spectrum  depicted  in 
Pig.  4  for  the  Sr  +  Br2  combination  is  exemplary.  The  lower  energy  system 
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(feature),  which  extends  from  the  fringes  of  the  ultraviolet  through  the 
visible,  is  dominated  by  a  long  progression  in  the  SrX2  bending  mode.  This  is 
clearly  apparent  in  the  SrCl2  emission  spectrum  depicted  in  Figure  5.  The 
observed  feature  most  likely  corresponds  to  a  ^2  ((Ia2)^(^b2)(6aj^))  -» 

X  lAi((la2)2(4b2)2)  transition  which  correlates  in  linear  configuration  to 
the  transition  involving  the  Og  and  itg  molecular  orbitals  (Fig.  3). 

For  all  of  the  reactive  combinations  studied  thusfar,  we  find  that  both  Group 
IIA  metal  and  halogen  molecule  collisions  effectively  quench  this  feature,  a 
fact  which  is  not  surprising  in  view  of  the  anticipated  longer  lifetime 
(Xradiative^  associated  with  the  excited  state  emitter.  We  will  want  to 
improve  our  methods  for  exciting  and  observing  this  band  system  while 
expanding  the  grid  of  collision  partners  considered  to  barium  based  reactive 
encounters.  This  will  require  some  considerable  care  as  the  increased  density 
of  states  associated  with  the  barium  halides  certainly  can  lead  to  a  more 
efficient  quenching  process  even  with  the  decreasing  radiative  lifetime 
expected  for  the  lowest-lying  barium  dihalide  states  (x^2ij(BaF2)  < 

Xyg^(BaCl2)  <  xjj(BaBr2)  <  Xjj(Bal2))*  It  should  be  noted  that  the  expected 
trends  in  the  barium  dihalide  radiative  lifetimes  appear  manifest  in  the 
pressure  dependent  behavior  of  the  observed  low  pressure  (10  ^  -  10  ®  torr) 
emission  continue.^ 

The  more  clearly  resolved  higher  energy  band  system  depicted  in  Figure  4, 
and  displayed  in  greater  detail  for  the  Sr  +  CI2,  Sr  +  Br2,  and  Sr  +  ICl 
reactive  encounters  in  Figure  6,  would  seem  to  correspond  to  one  of  the 
allowed  ^B2((la2)(4b2)^(2bi)  or  (Ia2)^(4b2)(7ai))  ^  X  transitions  which 
correlate  in  linear  configuration  to  the  allowed  transition 

involving  the  ir„  and  Xg  molecular  orbitals  (Fig.  3).  This  transition,  which 
in  absorption  would  involve  primarily  a  change  from  Sr-X  nonbonding  to  Sr-X 
antibonding  character,  should  be  dominated  by  progressions  in  the  SrX2  or  SrXY 
stretching  modes.  The  frequency  separations  between  the  observed  features  are 
consistent  with  this  suggestion.^ 

Siq>port  for  a  Collisionally  Stabilised  Dihalide  Complex 

The  results  we  have  obtained  in  our  study  of  the  Sr- ICl  system  (Fig.  6) 
and  the  mixed  Sr  -  Br2  +  CI2  system  (Figure  7)  are  particularly  significant 
for  they  demonstrate  that  the  observed  dihalide  emission  results,  in  large 


9 


part,  from  the  collisional  stabilization  process  (2).  If  the  two  step  double 
harpooning  mechanism  (3)  were  to  be  operative,  the  combination  of  Sr-ICl  and 
SrX-ICl  reactive  encounters  should  produce  SrCl2,  SrlCl,  and  Srl2  emission 
with  the  dichloride  emission  clearly  dominating  that  for  the  mixed  halide  and 
Srl2.  If  the  collisional  stabilization  mechanism  is  operative,  the  observed 
emission  spectrum  will  correspond  to  the  SrlCl  complex  formed  in  a  dynamically 
constrained  (see  following)  electron  jump  process. 

The  reaction  of  strontium  with  CI2  +  Br2  mixtures  of  varying  relative 
chlorine  and  bromine  concentration  should  produce  emission  from  SrCl2,  SrBrCl, 
and  SrBr2  if  the  two  step  double  harpooning  mechanism  (3)  is  operative.  If 
the  highly  efficient  collisional  stabilization  process  (2)  is  operative,  the 
observed  spectra  should  consist  of  the  sum  of  only  SrCl2  and  SrBr2  emissions 
varying  with  relative  CI2  and  Br2  concentration. 

A  study  of  the  Sr-ICl  reaction,  with  its  attendant  symmetry  based  dynamic 
constraint,  can  be  difficult  for  vibrationally  excited  SrCl  molecules  produced 
from  the  relaxation  of  emitting  SrCl  electronically  excited  products  which  can 
react  with  ICl  in  a  sufficiently  exothermic  process  to  produce  an  SrCl2 
emission  feature.  In  fact,  under  certain  conditions,  the  observed  spectral 
signature  can  be  contaminated  by  SrCl2  (A-X  Fig.  5)  formed  via  the  reaction  of 
a  thermalized  ground  state  SrCl  product  with  ICl.  It  is  also  relevant  that 
ultraviolet  spectrxim  in  Figure  6  corresponds  to  one  of  the  "allowed"  SrX2  B^B2 
-  X^A]^  transitions  and  therefore  should  display  a  minimal  difference  between 
the  transition  moments  for  the  SrX2  (X*Cl,Br)  and  corresponding  SrXY  (XY=IC1) 
emitters.  We  have  observed  a  dominant  emission  corresponding  to  the  SrlCl 
complex  both  in  the  B-X  region  depicted  in  Fig.  6  and  at  higher  energies 
corresponding  to  a  C-X  band  system  which  can  be  populated  by  the  more 
exothermic  ICl  reaction.  The  spectrum  in  Fig.  6  does  show  some  CI2 
contamination  for  the  higher  temperature  conditions  (higher  Sr  flux)  under 
which  the  three  spectra  in  the  figure  were  obtained  however,  the  dominance  of 
the  SrlCl  emission  system  is  apparent.  This  dominance  demonstrates  the 
probable  formation  of  SrlCl  in  a  collisionally  stabilized  direct  reactive 
encoxinter . 

The  collage  of  spectra  in  Fig.  7  which  are  obtained  for  varying  mixtures 
of  Br2  and  CI2  correspond  to  sums  of  emission  features  resulting  exclusively 
from  the  dichloride  and  dibromide  with  no  evidence  for  the  mixed  halogen 
(SrBrCl)  emitter.  This  is  especially  significant  when  we  note  that  the  sum  of 
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both  SrCl  and  SrBr  emission  features  characterize  the  monohalide  emissions 
for  all  of  the  chlorine  -  bromine  mixtures  (compare  to  Sr+Cl2  (top)  and  Sr+Br2 
(bottom))  considered  in  Fig.  7. 

These  results,  which  demonstrate  the  utility  of  combining  near  single 
collision  and  multiple  collision  chemiluminescent  studies,  are  fundamental  to 
our  assessment  of  the  electron  jump  process  leading  to  excited  state  dihalide 
formation.  They  strongly  suggest  the  probability  that  the  extremely 
efficient  collisional  stabilization  mechanism  (2)  is  the  dominant  means  of 
forming  the  dihalide  excited  state.  This  conclusion  is  also  further  supported 
by  the  lack  of  a  continuum  emission  associated  with  the  fluorine  based 
reactions  which  should  also  yield  dihalide  emission  if  the  two  step  double 
harpooning  mechanism  (3)  is  operative. 

The  implication  of  these  results  is  broader  for  it  suggests  that  the 
extent  of  interaction  of  these  high  tenq)erature  molecular  complexes,  as  they 
form,  considerably  exceeds  that  which  we  normally  associate  with  collisional 
stabilization  and  energy  transfer  processes.  High  temperature  molecules  in 
electronically  excited  states  or  in  high  vibrational  levels  of  their  ground 
electronic  states  simply  are  capable  of  much  longer  range  interactions.  It  is 
important  that  we  understand  the  formation  and  interaction  of  these  species 
for  this  must,  in  the  final  analysis,  contribute  strongly  to  the  behavior  of 
systems  operating  under  extreme  conditions.  A  neglect  of  these  phenomena  in 
models  of  combustion  or  propulsion  systems  renders  these  models  unrealistic. 

A  S3fmBetr7  Coostrelned  Electron  Jump  Process 

As  we  have  noted,  the  low  Group  IIA  metal  ionization  potentials  and  the 
high  halogen  electron  affinities  suggest  that  the  Group  IIA-halogen  molecule 
reactions  proceed  via  an  electron  jump  process  wherein  the  metal  atom,  M, 
throws  out  an  electron  and  harpoons  the  halogen  molecule,  X2,  to  initiate 
reaction.  The  relative  intensities  of  the  continuum  emissions  observed  for 
homo-  and  heteronuclear  halogen  reactions  can  be  understood  within  the  model 
using  the  correlations  outlined  in  Table  III  and  extrapolating  on  the  simple, 
yet  elegant,  (Fig.  8)  arguments  of  Menzinger^^  ^ged  to  explain  metal 
monohalide  chemiluminescent  emissions  from  the  fluorine  and  chlorine  molecule 
reactions. 

Reactions  to  produce  the  dihalide  are  thought  to  proceed^  through  an 
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electron  jump  "outer  harpooning"  process  involving  the  interaction  of  the  M  + 
X2  (|l>  in  Pig.  8)  covalent  and  M"*"  +  X2”  (|3>  in  Fig.  8)  ionic  curves.  For  a 
Cg  or  Cggy  collisioo  geometry,  this  process  involves  the  strong  coupling  of 
^A'  or  covalent  and  ionic  potentials  (Table  III)  of  the  same  symmetry 
leading  to  an  avoided  crossing,  harpooning,  and  formation  of  the  ground  state 
metal  halide.  However,  if  the  collision  geometry  is  of  C2v  symmetry,  the 
symmetry  species  of  the  covalent  and  ionic  curves  (Table  III)  are  and  ^82 

respectively  and  the  curves  for  the  two  states  intersect.  It  is  through  this 
intersection  and  a  range  of  approach  angles  within  a  cone  of  acceptance  around 
the  X2  bisector^^  that  the  system  slips  past  the  "outer  harpooning"  region 
corresponding  to  the  ll>|3>  crossing  (Fig.  8)  and  gains  access  to  the  "inner 
harpooning"  region.  The  crossing  involving  the  ionic  configuration  |3>  and 
the  doubly  ionic  configuration  |5>  (Table  III  and  Fig.  8)  will  be  avoided  as 
the  |3>|5>  interaction  between  these  curves,  of  the  same  symmetry,  is  thought 
to  be  significant.  Access  to  the  "inner  harpooning"  region  thus  promotes  an 
avoided  crossing  leading  to  the  chemiluminescent  channels. The  low 
statistical  weight  of  the  near  C2v  collisions  is  partly  responsible  for  the 
low  chemiluminescent  quantum  yields  in  these  systems.  For  the  M+XY  reactive 
encounters,  which  cannot  access  a  €2^  collision  trajectory,  the  outer 
harpooning  process  must  always  correspond  to  an  avoided  crossing  which  shields 
the  channel  for  chemiluminescent  product  formation.^®  However,  as  the 
characteristic  velocity  at  the  ionic-covalent  crossing  region  increases  in 
traversing  the  Group  IIA  metals  from  Ba  to  Ca,  the  symmetry  effect  which  is 
clearly  apparent  in  Fig.  2  diminishes. 

Although  this  model  qualitatively  explains  the  observed  trends  in 
dihalide  emission  intensity,  further  detailed  calculations  of  the  couplings  at 
the  avoided  crossing  regions  will  be  needed  to  place  these  arguments  on  a  more 
quantitative  base.  These  calculations,  which  will  also  rely  on  the 
spectroscopic  parameterization  obtained  from  the  dihalide  spectra  exemplified 
in  Figures  5-7.  The  calculations  are,  of  course,  best  accomplished  following 
some  initial  effort  to  parameterize  dihalide  electronic  and  vibronic  structure 
from  our  observations  of  the  optical  signatures  associated  with  the  dihalides 
(energy  levels,  radiative  lifetimes,  differential  bond  angle  changes)  all  of 
which  also  serves  an  important  purpose  for  the  refinement  of  ionic  models. 
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In  studying  the  reactions  of  small  supersonically  cooled  sodium  molecules 
(Naj^,  n«2,3)^^»^°  with  halogen  atoms  (X*Cl,Br,I),  we  have  recently 
demonstrated  the  existence  of  population  inversions  associated  with  the 
electronically  excited  Na2  products  of  the  Na3  +  Br  reaction.  In  an  extension 
of  these  experiments  to  develop  a  long  path  length  amplifying  medium »  we 
discern,  for  the  first  time,  the  Raman  piamping  of  Na2  in  the  absence  of  an 
external  light  source.  We  observe  a  series  of  Raman-like  Stokes  and  anti- 
Stokes  features  which  (1)  are  associated  with  the  lowest  vibrational  levels  of 
Na2,  (2)  correlate  with  a  scattering  process  involving  the  Na  D-line 
components  (Na  3p2p3/2,l/2  "  ^^1/2^  created  in  the  chemical  reaction 

sequence 


Na2  +  Br  -►  Na*  (3p  ^P)  +  NaBr 
Na*  (3p  2p)  Na  (3s  ^s)  +  hv 


(4) 


(3)  are  not  readily  generated  by  light  scattering  due  to  an  external  laser 
light  source,  and  (4)  appear  to  be  enhanced  by  the  environment  of  the  reaction 
zone  itself.  The  D-line  emission  is  scattered  by  cooled  sodium  dimers  (Na2) 
formed,  as  a  result  of  supersonic  expansion,  in  the  lowest  vibrational  levels 
of  the  Na2  ground  electronic  state.  Multiple  Stokes  and  anti-Stokes  features, 
assigned  as  resonance  Raman  progressions  are  well  simulated  on  the  basis  of 
the  resonance  Raman  effect. However,  the  scattering  linewidth,  T, 
associated  with  the  present  process  is  determined  to  be  close  to  4  cm"^. 

This  result  suggests  an  unusually  fast  resonance  Raman  scattering  process 
which  appears  to  be  chemically  enhanced. 

Outline  of  Slit  Source  Sodium  Expansion  Configuration 

We  have  generated  high  sodium  atom  and  dimer  fluxes  using  an  extended 
slit  source  configuration  which  is  described  in  detail  elsewhere. Using  a 
dual  oven  configuration,  we  produce  a  supersonically  expanded  flux  of  alkali 
vapor  through  a  tantalum  slit  nozzle  0.003"  wide  by  two  inches  in  length. 

With  an  independently  heated  stagnation  chamber  (850-900K)  and  frontal  nozzle 
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expansion  channel  (900-950K),  we  produce  a  near  planar  flow  of  primarily 
sodium  atoms  and  internally  cooled  sodium  dimers. This  sodium  flux  is 
intersected  at  variable  angles  from  above  and  below  by  two  nearly  planar  but 
diverging  bromine  atom  flows,  emerging  from  slits  machined  into  graphite  tube 
furnaces,  operated  at  temperatures  in  excess  of  1700K  to  insure  a  95+X 
conversion  of  bromine  molecules  to  bromine  atoms.  At  the  significant  reactant 
fluxes  necessary  to  generate  a  strong  Raman  scattering  signal,  the  absolute 
number  density  of  bromine  atoms  in  the  reaction  zone  is  conservatively 
estimated^  at  between  10^^  and  10^^  cm**^  whereas  the  absolute  number  density 
of  sodium  dimers  may  exceed  10^^  cm~^. 

The  optical  signature  of  the  long  path  length  sodium  molecule-bromine 
atom  reaction  zone  is  focused  onto  the  entrance  slit  of  a  SFEX  170A  scanning 
monochromator  coupled  to  an  RCA  1P28  photomultiplier  tube  (PMT).  The  PMT  is 
maintained  at  'v 1000  volts  and  the  response  current  is  sent  through  an  IEEE 
interfaced  autoranging  picoammeter  (Keithley)  to  an  IBM  compatable  AT  class 
microcomputer . 

We  have  attempted  to  reproduce  the  Raman  signal  created  following  the 
reaction  sequence  (A)  by  resonwtly  pumping  the  sodium  expansion  with 
external  laser  light.  Intensity  stabilized  broadband  (multimode)  laser  light 
(  vl  W)  from  an  argon  ion  laser  (Spectra  Physics,  model  171)  at  4765  %  and 
4880  and  dye  laser  light  (  'V'lOO  mW)  at  5890  i  and  5896  %  (argon  ion  pumped 
R6G)  was  frequency  chopped  and  passed  through  the  expansion  zone  in  an 
unsuccessful  effort  to  generate  a  Raman  scattering  signal  similar  to  that 
observed  from  the  chemical  reaction  pumping.  The  frequency  content  of  the 
emergent  beam  was  again  monitored  with  a  monochromator -PMT  combination.  The 
PMT  response,  detected  with  a  phase  sensitive  amplifier,  was  digitized  and 
stored  in  an  IBM  AT-class  microcomputer. 

Chemically  Indpcad  Resonance  Raman  Pumping 

There  are  several  near-resonant  rovibronic  transitions  associated  with 
the  X^Eg'*’  and  the  states  of  Na2®*^^  and  the  atomic  emission  from  the  Na 

D-lines,  “pj  and  Wp2  (^^3/2  ^  ^^1/2  ®  16973.379  cm"^  and  •*  ^^1/2  ® 

16956.183  cm"^)  which  may  be  responsible,  in  large  part,  for  the  unusually 
intense  optical  signature  depicted  in  Figure  9.  The  spectrum  in  Figure  9  was 
taken  at  a  resolution  of  "^-IZ  %.  The  relative  intensity  of  the  strong  sodium 
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dimer  B  X  chemiluminescence  to  the  even  stronger  Raman-like  emission 
features  syBBatrlcally  surrounding  the  Na  D-line  is  readily  apparent.  The 
frequency  separation  between  adjacent  Stokes  (anti-Stokes)  features 
corresponds  closely  to  155  cm"^,  correlating  with  the  separations  between  the 
lowest  sodium  dimer  ground  state  vibrational  levels.  We  have  found  that  these 
features  cannot  be  made  to  fit  a  resonance  fluorescence  series  but  can  be 
confidently  assigned  to  Stokes  and  anti-Stokes  bands  associated  with  a 

Q  O'! 

resonance  Raman  progression. 

Evidence  suggestive  of  a  Raman  process  is  also  detailed  in  the  spectrum 
of  Figure  10  taken  under  equivalent  reaction  zone  conditions.  The 
intermediate  resolution,'^  1.5  X,  at  which  this  spectrum  was  obtained  is 
sufficient  to  clearly  resolve  the  atomic  sodium  ^P3/2‘^Pl/2  D-line  splitting 
(  ^17.2  cm"^  and  the  relative  intensities  of  each  of  the  sodium  D-line 
components  are  clearly  evident  in  the  scattered  Raman  emission.  Furthermore, 
the  frequency  separation  of  these  atomic  line  components  is  clearly 
reproduced  (within  the  experimental  resolution  of  the  scan)  in  both  the 
vibrational  Stokes  and  anti-Stokes  features  of  the  scattering. 

We  have  successfully  modeled  the  group  of  features  symnetrically 
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surrounding  the  Na  D-line  with  the  resonant  Raman  intensity  expression.  » 
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where  Ig  is  the  total  intensity  for  a  scattered  Stokes  or  anti-Stokes  line  as 
a  function  of  frequency,  w,  and  pump  intensity.  Ip,  and  c  is  the  speed  of 
light.  We  consider  transitions  from  an  initial  rovibrational  ground 
electronic  state  of  the  Na2  molecule  labeled  G  to  some  final  rovibrational 
electronic  ground  state  labeled  F  through  an  intermediate  excited  electronic 
state  labeled  I  where  (i)qj  and  represent  the  rovibronic  energy  difference 
between  the  G  and  I  and  I  and  F  levels  and  F  refers  to  the  linewidth  arising 
from  all  damping  phenomena.  The  Sj  terms  correspond  to  the  appropriate  Honl- 
London  factors  for  the  Na2  A  -  X  ^Eg'*'  transition, H(Cq)  represents 

the  electronic  matrix  element,  expressed  as  a  function  of  the  normalized 
nuclear  coordinate,  C and  <vp|vj>  and  <vj|vq>  represent  Franck- 
Condon  overlap  integrals.  We  have  included  a  thermalized  ground  state 
rotational  distribution  and  a  ground  state  weighting  function  N(vq),  which 
represents  the  deviation  from  a  Boltzmann  distribution.  We  also  allow  pumping 
due  to  each  component  of  the  sodium  D  line,  (‘^pi(^P3/2) 
contribute  to  the  scattered  emission  intensity,  Ig.  Here,  the 
intensity  weighting  resulting  from  the  reaction  populated  D-line  components  is 
3:2,  as  determined  from  the  experimental  spectrum. 

Numerical  calculations  were  carried  out  by  allowing  the  near-resonant 
atomic  sodium  transitions,  and  *^p2*  appropriately  broadened,  to  pump  the 
first  thirty  levels  in  the  Na2  X  state  to  the  first  seventy  levels  of  the 

Na2  A  ^E^*^  state.  De-excitation  from  the  upper  electronic  state  was  allowed 
to  proceed  to  the  first  thirty  levels  of  the  gro\ind  state.  Rotational  levels 
J",J'  »  0  to  120  were  included  with  each  vibrational  level  of  both  the  excited 
electronic  A  ^E^'*’  state  and  the  ground  electronic  X  state  of  the  sodium 

dimer  scatterer.  Each  simulated  spectrum  produced  in  the  modelling  program 
was  also  convolved  with  a  gaussian  function  to  approximate  the  effects  of  a 
finite  spectrometer  slit  width. 

The  data  in  Figure  11  depicts  the  fit  to  the  vibrational  structure 
surrounding  the  Na  D-line  for  reaction  with  a  pure  sodium  expansion.  This  low 
resolution  ( -x.  12  SI)  vibrational  Raman  spectrum  does  not  correspond  to  a 
thermalized  vibrational  distribution  but  rather  to  a  non-Boltzmann  vibrational 
distribution.  The  modeled  spectrum  closely  matches  the  experimental  scan  and 
also  provides  a  consistent  fit  to  higher  resolution  spectra.  Although  the 
rotational  population  distribution  may  be  non-Boltzmann,  we  find  that,  with  an 
effective  rotational  teiiq>erature  of  400K,  we  are  able  to  obtain  close 
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agreement  between  experiment  and  calculation.  This  suggests  that  only  slight 
modifications  from  a  thennalized  distribution  will  be  necessary  to  exactly  fit 
the  rotational  features.  There  are  several  possible  sources  for  the  deviation 
of  the  Raman  scattering  features  from  a  thennalized  vibrational 
d istr ibution . ® » 33 

A  higher  resolution  scan  (  -^0.4  X)  of  the  first  Stokes  and  anti-Stokes 
features  is  depicted  and  computer  simulated  in  Figure  12,  based  again  on  the 
application  of  Equation  (5).  In  a  surprising  result,  we  find  that  a 
linewidth,  F  ^  4  cm~^,  is  required  to  provide  optimum  agreement  between  the 
simulated  and  experimental  results  with  correlation  coefficients  exceeding 
0.92  for  the  anti-Stokes  and  0.89  for  the  Stokes  features,  respectively.  A 
further  confirmation  of  the  required  linewidth  is  also  indicated  in  Figure  12 
where  we  compare  the  experimental  spectrum  to  F  •  4,  1,  and  0.1  cm"^ 
simulations  based  on  Equation  (5). 

While  there  are  improvements  that  can  be  made  in  the  simulations  depicted 
in  Figure  12,  it  is  unlikely  that  simple  power  broadening  can  be  responsible 
for  the  large  effective  linewidth  indicated  by  our  spectral  simulations. 

Based  on  the  required  power  broadening  for  a  two  level  quantum  system  driven 
at  resonance,  we  estimate  that  an  electric  field  of  '\-1.3  KV/cm  and  an 
absolute  power  density  of  '''0.215  MW/cm^  is  necessary  to  produce  the  requisite 
spectral  broadening  of  4  cm'^. 

The  apparent  spectral  broadening  suggests  the  possibility  of  a 
scattering  lifetime  on  the  order  of  '\/10”^^  seconds,  implying  a  process  which 
is  considerably  more  efficient  than  would  be  expected  on  the  basis  of 
resonance  Raman  pumping  involving  the  Na2  A-X  transition  (  ''<10  ®  seconds  based 
on  the  radiative  lifetime^^).  Several  additional  experiments  involving  the 
direct  ptunping  of  the  sodium  expansion  in  the  absence  of  bromine  atom  reactant 
at  the  Na  D-line  frequencies  (argon  ion  pumped  R6G)  and  at  4765  %.  and  4880  & 
using  a  multimode  argon  ion  laser,  failed  to  reveal  optical  signatures 
corresponding  to  those  depicted  in  Figures  9-12.  In  fact,  while  it  was 
possible  to  excite  laser  induced  fluorescence  corresponding  to  the  Na2  A-X  and 
B-X  band  systems  analogous  to  that  observed  previously, although  at  somewhat 
higher  temperatures  in  the  present  experiments,  no  clear  Raman  features  were 
generated.  This  result  also  suggests  a  more  efficient  process  than  that 
associated  with  resonance  Raman  pumping. 

These  results  suggest  that  wc  have  observed  more  than  a  "simple"  Raman- 
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like  scattering  process.  We  might  consider  a  further  long  range  interaction 
of  the  electronically  excited  sodium  3p^P  atoms  with  those  Na2  molecules  which 
are  Raman  pimped,  an  interaction  of  the  Na2  molecules  with  the  Br  atoms  that 
induces  a  tine  varying  enhancement  of  the  dimer  polarizability  (hyperpolariz¬ 
ability),  or  (less  likely)  the  presence  of  a  large  electric  field  created  due 
to  the  reactive  environment  in  the  vicinity  of  the  reaction  zone.  It  would 
appear  that  this  interaction  or  perturbation  is  long  range  and  leads  to  a 
highly  efficient  Raman-like  scattering  process. 

While  further  experiments  will  be  necessary  to  clarify  the  mechanism  for 
the  scattering  process,  the  long  path  length  reaction  zone  employed  in  these 
experiments  appears  to  have  revealed  the  manifestation  of  significant  long 
range  cooperative  phenomena.  The  moderate  Rydberg  character  of  the  Na  Sp-^P 
excited  state,  with  its  diffuse  electron  density,  may,  in  fact,  lend  itself  to 
a  considerable  long  range  interaction  inducing  cooperative  effects.  The 
assessment  of  these  cooperative  effects  awaits  further  study. 
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Flgure  3 :  Correlation  Diagram  for  BeF^ 
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Figure  4;  Multiple  Collision  SrBr2  Chemiluminescent  Spectrum 
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Figure  6:  Hultlple  Collision  Chemiluminescent  Emission  Spectra 
for  SrCl^tSrBr^t  and  SrICl.  See  text  for  discussion. 
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Figure  8 
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Correlation  of  electron  configurations  for  Group  IIA  metal  (M) 
Halogen  molecule  (Xj)  reactive  encounters. 
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Figure  9 

Survey  spectrum  of  chemiluminescent  emission  and  Raman  scattering  from  various 

electronic  states  of  diatomic  sodium.  The  Naj  transition  corresponds 

to  a  triplet-triplet  bound-free  excimer  like  emission  process,  (Res.  12  A, 

-  875K,  -  935K) 


Raman-like  spectrum  taken  at  a  resolution  of  ~  1.5  A  ~  875K,  ~  935K)  depicting 

the  two  Na  D-line  components  and  the  satellite  Raman  structure.  The  spin-orbit  frequency 
difference  of  the  two  Na  D-line  components  is  reproduced  in  the  scattered  radiation.  A 
simulated  spectrum  is  presented  for  comparison  ~  400K,  T  =  4  cm').  See  text  for 
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ABSTRACT 

The  highly  selective  Na,  +  X  (Cl,  Br,  I)  reactions  have  been  shown  to  create  a  continuous 
electronic  population  inversion  based  on  the  chemical  pumping  of  Na,.  Optical  gain  through 
stimulated  emission  has  been  demonstrated  in  regions  close  to  527, 492,  and  460  nm  (o  =  8  *  lO'* 
cm  '  for  an  individual  rotational  level  at  -  527  nm).  A  device  has  been  constucted  with  a  focus  to 
mcreasing  amplifier  gain  length  and  amplifying  medium  concentration  based  on  the  controlled 
mtersection  of  supersonic^  expanded  sodium  and  halogen  atom  sheaths.  The  imeraction  forms 
an  extended  reaction-amplification  zone  centered  on-axis  in  an  optical  cavity,  thus  fiuilitating  the 
conversion  of  the  observed  amplifien  to  chemical  laser  osdllators.  Initial  results  with  this 
upscaled  device,  where  the  sodium  metal  expanded  in  both  pure  and  seeded  supersonic  expansion 
IS  imer^ed  by  a  bromine  atom  flow,  provide  the  first  example  of  chemically  enhanced  Raman 
scattering  (CHERS).  Unique  Raman  signals  are  induced  by  and  corrdate  with  emission  fi’om  the 
Na  O-Une  components  formed  in  the  chemical  reaction  zone  primarily  as  a  resuh  of  the  Na,  +  Br 
-  Na*  +  NaBr  reaction,  cambt  be  readily  generated  by  light  scattering  due  to  an  external  light 
source,  ^  appear  to  be  enhanced  by  the  environment  of  the  reaction  zone  itself  The  Na  D-line 
emitters  imeraa  with  cooled  sodium  dimers  in  a  resonance  Raman  scattering  process,  for  which 
computer  aiimiiations  mggest  a  scattering  linewidth,  r-4  cm  '.  These  resuhs  suggest  an  unusually 
fast  resonance  Raman  scattering  process  which  appears  to  be  chemically  enhanced.  The  results  of 
initial  double  pass  gain  measurements  suggest  thtt  a  sdmulated  Raman  process,  mmiinr  to  that 
associated  with  optically  pumped  alkali  dimer  lasers,  has  been  observed. 


Highly  efficient  collisional  stabilization  and  the  symmetry  constrained 
dynamics  of  high  temperature  complex  formation 

James  L.  Gole 

School  of  Physics,  Georgia  institute  of  Technology,  Atlanta,  Georgia  30332 
(Received  26  July  1994;  accepted  3  February  1995) 

The  highly  efficient  collisional  stabilization  of  high  temperature  complexes  of  some  considerable 
spatial  extent  is  demonstrated.  A  series  of  near  single  collision  and  well  defined  multiple  collision 
(following  paper)  chemiluminescent  and  laser  induced  fluorescent  studies  extending  over  six 
decades  of  pressure  demonstrate  the  stabilization  of  electronically  excited  group  IIA  dihalide 
collision  complexes  via  a  radiative  three  body  recombination  process  (R3BR)  operative  at 
microTorr  pressures.  Over  the  pressure  range  1X10“^-5X  10“^  Torr,  a  comparative  study  of  the 
emission  from  M  (M=Ca,  Sr,  Ba)-X2  (Cl23r2 J2)  and  M-XY  (IClJBr)  reactive  encounters 
identifies  a  symmetry  constrained  dynamics  associated  with  the  formation  of  the  dihalide  product 
complexes.  The  onset  of  the  monitored  R3BR  process  at  1  x  10“^  Ton  signals  an  extremely  large 
stabilization  cross  section  (<75 >3000  A^)  which  may  not  be  readily  explained  within  the  RRKM 
framework.  Comparisons  between  the  highly  ionic  dihalides  and  the  isoelectronic  CO2  molecule  are 
noted  as  they  affect  excited  state  dynamics.  The  pressure  dependence  of  the  light  emission  from 
these  complexes  in  the  near  single  collision  pressure  range  displays  a  striking  correlation  with  the 
periodicity  of  dihalide  molecular  electronic  structure  and  the  resultant  nature  of  the  low-lying 
dihalide  electronic  transitions.  The  absence  of  a  difluoride  emission  associated  with  the 
M(Ca,Sr,Ba)-F2  reactive  encounters  signals  an  important  periodic  trend  in  these  systems.  A  simple 
first  order  model  within  the  electron  jump  framework  is  presented  to  explain  the  qualitative  trends 
inherent  to  these  reactions.  ©  1995  American  Institute  of  Physics. 


INTRODUCTION 

Collisions  which  lead  to  complex  stabilization  or  rapid 
energy  redistribution  can  play  an  important  role  in  high  tem¬ 
perature  environments,  including  combustion  and  gasifica¬ 
tion  streams,**^  as  they  influence  energy  storage  and  conver¬ 
sion.  Further,  they  may  play  an  important  role  in  deposition 
processes  whose  inception  is  influenced  by  the  formation  of 
the  gas  phase  constituency.^  Here,  we  present  evidence 
which  suggests  that  a  number  of  these  interactions  may  be 
operative  over  a  much  broader  region  of  configuration  space 
than  previously  anticipated  to  the  extent  that  a  ready  expla¬ 
nation  of  the  present  observations  with  existing  models  of 
recombination  and  energy  transfer  may  be  tenuous. 

Topically,  radiative  association  processes,  which  provide 
information  on  highly  excited  molecular  states  and  dissocia¬ 
tion  limits,^  have  been  studied  at  sufficiently  high  pressures 
so  as  to  allow  collisional  stabilization  of  the  associating  spe¬ 
cies  and,  consequently,  the  time  necessary  for  a  spontaneous 
radiative  event.  As  these  collisional  stabilization  processes 
can  lead  to  some  loss  of  dynamical  information,  it  has  been 
the  province  of  the  molecular  beamist  to  extend  their  study, 
performing  experiments  which  isolate  and  evaluate  contribu¬ 
tions  from  two-body  radiative  recombination.^**®  Thus,  us¬ 
ing  crossed  beams,  Kasai  et  al^  observed  a  binary  reaction 
of  NO  and  O,  Parson^  obtained  strong  evidence  for  the 
Cr-02  association  process,  and  Yoshimura  et  al?  measured 
the  HNO  A-X  emission  from  associating  H  and  NO. 

The  experiments  of  Yoshimura  et  al?  are  particularly  in¬ 
triguing  with  their  emphasis  on  the  study  of  a  hydrogen 
based  association  as  a  means  of  monitoring  discrete  emission 
from  a  two-body  association  reaction.  Their  results,  while 


carefully  obtained,  seem  surprising  for  they  indicate  excited 
state  relaxation  under  beam  conditions  before  the  emission 
of  a  photon  from  the  lowest  vibrational  levels  of  the  HNO  A 
state  [at  energies  well  below  (—3000  cm  *)  the  HNO  disso¬ 
ciation  limit].  Further,  the  observations  under  beam  condi¬ 
tions  seem  counter  to  a  pronounced  A  state  vibrational  exci¬ 
tation  at  somewhat  higher  pressures.  This  behavior,  which 
might  be  explained  by  highly  efficient  long  range  collisional 
events  involving  the  forming  HNO  ground  and  low-lying  A 
state,  suggests  that  a  much  broader  region  of  configuration 
space  might  be  relevant  to  the  description  of  several  reactive 
environments.  In  fact,  while  the  focus  of  the  outlined  mo¬ 
lecular  beam  experiments  has  been  to  isolate  the  two-body 
association  process,  it  is  of  equal  if  not  greater  importance 
that  they  signal  the  efficiency  of  muliicenter  stabilization 
processes  that  are  operative  at  extremely  low  pressures  and 
can  strongly  influence  system  behavior  over  -iaige  pressure 
ranges.  It  is  with  this  focus  that  we  have  carried  out  a  de¬ 
tailed  study  of  the  formation,  collisional  stabilization,  and 
relaxation  of  a  set  of  periodically  correlated  collision  pro¬ 
cesses  involving  the  formation  and  interaction  of  complexes 
of  considerable  spatial  extent.*  **  *^ 

The  reactions  of  alkaline  earth  atoms  with  halogen  mol¬ 
ecules  to  form  group  IIA  dihalides,  MX* »  once  thought  to  be 
bimolecular,*  ’  have  been  shown  to  be  tcrmolccular  and  sec¬ 
ond  order  in  the  halogen  concentration  at  microTorr  pres¬ 
sures.  On  the  basis  of  several  considerations,*^**^  it  has  been 
strongly  suggested  that  the  dihalide  formation  requires  a  two 
step  mechanism  involving  a  vibrationally  excited  ground 
state  MX^  intermediate,  viz., 

M  +  X.-MX'  +  X,  Ha) 
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MX^+Xj^MXj  +  X.  (lb) 

MXj-MXi+Zi*'.  (l^^) 

This  sequence  involves  two  electron  jump  processes  and  pro¬ 
duces  the  desired  second  order  dependence  on  halogen  con¬ 
centration  for  the  observed  MXi  emission. 

While  sequence  (1)  is  quite  appealing  and  would  seem  to 
be  in  accord  with  well  established  theoretical  models  and  a 
number  of  experimental  observations, an  alternate 
mechanism,  consistent  with  the  halogen  pressure  depen¬ 
dence,  centers  on  the  collisional  stabilization  of  a  highly  vi- 
brationally  excited  MXJ^  intermediate,  viz., 

M+Xz^MXf,  (2a) 

MXf+Xz-MXj+Xz.  (2b) 

MX?^MX2+/tJ/,  (2c) 

where  the  stabilization  process,  a  radiative  three-body  re¬ 
combination  (R3BR),  must  overcome  the  propensity  for  a 
“rapid”  dissociation  of  the  highly  excited  MX*^  complex. 

Through  a  series  of  near  single  collision'*  and  well  de¬ 
fined  multiple  collision”"^'  chemiluminescent  and  laser  in¬ 
duced  fluorescent  studies  extending  over  six  decades  of  pres¬ 
sure,  we  demonstrate  the  highly  efficient  stabilization  of 
electronically  excited  group  IIA  dihalide  collision  complexes 


via  the  R3BR  process  (mechanism  2).  We  identify  a  symme¬ 
try  constrained  dynamics  associated  with  the  formation  of 
these  complexes,  obtaining  the  first  vibrationally  resolved 
emission  spectra  for  the  dihalides.  The  onset  of  the  moni¬ 
tored  R3BR  process  at  1 X 10"*  Torr.  as  confirmed  by  the 
multiple  collision  studies  detailed  in  the  following 
discussion,^'*  signals  an  extremely  large  stabilization  cross 
section  ((rs>  3000  A*)  which  may  not  be  readily  explained 
within  the  RRKM  framework.  This  suggests  that  new  mod¬ 
els,  adjusted  to  the  interactions  of  electronically  or  highly 
vibrationally  excited  states,  will  be  necessary  to  clarify  these 
processes.  Tlie  monitored  complexations,  which  define  a 
much  broader  range  of  interaction  than  has  typically  been 
associated  with  collisional  stabilization  phenomena,  are  best 
clarified  by  considering  the  periodicity  inherent  to  a  broad 
grid  of  group  IIA  metal.  M(Mg,Ca,Sr,Ba)-halogen  molecule, 
X2(F2  ,Cl2  ,ClF,Br2  ,ICl,IBr.l2)  reactions. 

In  this  first  paper,  we  demonstrate  the  symmetry  con¬ 
strained  dynamics  inherent  to  group  HA  metal-halogen  mol¬ 
ecule  reactions  as  it  signals  the  highly  efficient  concerted  and 
collisionally  stabilized  formation  of  group  IIA  dihalide  ex¬ 
cited  states.  In  the  following  paper,  through  the  controlled 
extension  and  relaxation  of  the  near  single  collision  process 
under  multiple  collision  conditions,  we  confirm  the  highly 


rSSujJjw”  mS'SK  -a  »■  o(  IK  „„  IK  .kV 

transition,  (b)  Tlie  BaXj  (XX)  products  of  the  Ba  (  Sl+Brj.  Ba  (^)+I  IBr  and  Br,  leactions  are  also  evident  in  the  tigure.  (c) 

5X  ,0-‘-l  X  .0-  Torr  as  tneasu^d  by  ca^it^e  nvutotneten  ^  ^^ofen  insures  over  the  range  5x  ,0  -- 1  x  ,0  - 

The  BaX,  (XT)  products  of  the  Ba  (  S)+C1,,  CIF  iwuons  at  comparable  giwp  ('S)+aF^BaF*+Cl  reaction  are  also  indicated  in  the  figure. 

Tore  as  measured  by  capacitance  manometer  the  BaF*  em.ss.on  features  0^  as  t^asuS  by  capac.tance  manometer.  All  spectra 

(d)  The  BaF*  products  of  the  Ba+F2-BaF*  +  Freact.on  over  the  pressure  range  5X10  -ixio  lore  as  measureu  jr  -h 

were  taken  at  a  resolution  of  12  A.  See  the  text  for  discussion. 
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FIG.  2.  Chemiluminescent  spectra  for  (a)  the  SrX2  {XY)  products  of  the  Sr 
('S)-*-CU.  ICK  Ij  reactions  at  comparable  group  IIA  metal  beam  flux  and 
halogen  pressures  over  the  range  1  x  10"*- 1 X 10"^  Toir  as  measured  by  a 
capacitance  manometer,  observed  SrX  emission  features  are  also  identified 
in  the  figure.  The  relative  intensity  of  the  SrlBr  continuum  chemilumines¬ 
cence  from  the  Sr  ('5)+IBr  reaction  verses  that  for  the  Sr  ('S)+l2»  Br2 
reactions  is  similar  to  that  for  the  Sr  ('5)+lCl  reaction  versus  the  Sr 
('S)+l2,  G2  reactions.  All  spectra  were  taken  at  a  resolution  of  12  A.  See 
the  text  for  discussion. 


efficient  R3BR  mechanism  as  well  as  establishing  discrete 
assignments  for  the  near  single  collision  emission  con¬ 
tinuum. 

EXPERIMENT 

The  apparatus  used  to  study  group  IlA-halogen  mol¬ 
ecule  reactions  under  near  single  collision  conditions  repre¬ 
sents  a  variant  of  one  that  has  been  described  previously.^* 
Calcium,  strontium,  and  barium  metal  were  vaporized  effu¬ 
sively  ffom  capped  tantalum  crucibles  into  a  chamber  whose 
background  pressure  was  maintained  at  5X10*^  Torr.  The 
metals  effuse  ffom  a  hole  ^1/8  in.  diameter,  1/2  in.  from  the 
top  of  the  capped  crucibles.  The  crucibles  were  surrounded 
by  a  1  in.  diameter  tantalum  radiator  which  acted  as  a  resis¬ 
tive  heating  element  to  produce  uniform  crucible  tempera¬ 
tures  in  the  range  between  1000  and  1200  K.  Group  IIA 
metallic  beams,  passing  through  holes  in  the  heating  radiator, 
tantalum  heat  shields  concentrically  surrounding  the  radiator, 
and  a  water-cooled  copper  jacket  surrounding  the  entire 
grouping,  entered  a  differentially  pumped  system.  The  beams 
then  passed  through  an  iris  based  adjustable  orifice  into  a 
tenuous  atmosphere  of  oxidant  gas  (reaction  chamber)  pro¬ 
ducing  the  chemiluminescent  emissions  recorded  in  Figs. 
1-3.  There  have  been  relatively  few  measuiements  of  the 
calcium,  strontium,  and  barium  yapor  pressures.  Based  on 
these  studies,^  the  vapor  pressures  in  the  crucibles  ranged 
from  10”^  to  1  Torr. 

Fluorine  (Air  Products  Specialty  Gascs>98%  purity), 
CIF  (K  and  K  Laboratories  98%),  CI2  (Matheson>99.5%), 
Br2  (Mathcson>99.9%,  Fisher>99.95%),  ICl  (Kodak 
>99.9%,  Alfa>99.8%),  IBr  (Alfa>99.8%),  and  Ij  (Fisher 
>99.8%)  were  obtained  commercially.  The  three  oxidant 
gases  F2,  QF,  and  CI2  were  allowed  to  bleed  into  the  reac¬ 
tion  chamber  through  a  double  micrometer  needle  valve  as¬ 
sembly.  In  order  to  insure  that  the  CIF  was  not  conuminated. 
we  purified  the  gas  in  two  stages.  The  sample  was  placed  in 
a  glass  ballast  trap  which  was  then  placed  in  liquid  nitrogen 
and  evacuated  in  order  to  remove  any  possible  fluorine  con¬ 


taminants.  Subsequently,  during  the  experimental  run,  the 
sample  was  placed  in  an  n-amyl  alcohol  slush,  thus  insuring 
against  Q2  contamination. 

For  studies  involving  Br2,  IBr,  and  I2,  the  gas  handling 
system  was  modified  so  that  substances  which  are  liquids  or 
solids  at  room  temperature  could  be  introduced  as  gases  into 
the  reaction  chamber.  Small  stainless  steel  or  Pyrex  contain¬ 
ers  were  attached  to  the  first  micrometer  needle  valve  and  a 
succession  of  pumping-freezing  cycles  was  used  to  remove 
volatile  impurities.  The  vapor  pressure  of  Br2  is  sufficiently 
high  to  permit  the  production  of  a  gas  beam  at  room  tem¬ 
perature.  The  same  would  appear  to  be  true  for  IBr;  however, 
as  with  I2,  it  was  necessary  to  increase  the  vaporization  rate 
by  heating  the  sample  slightly  in  order  to  obtain  a  sufficient 
vapor  pressure. 

For  these  single  collision  studies,  the  oxidant  gases  were 
mildly  collimated  but  filled  the  entire  reaction  chamber  at 
pressures  ranging  from  I  x  10“^  to  5X10”"*  Torr.  The  perma¬ 
nent  gases  were  first  partially  transferred  to  a  ballast  tank 
which  provides  gas  pressure  stability  during  the  course  of  an 
experiment.  Background  pressures  were  monitored  primarily 
with  an  ionization  gauge  (ETI)  25  cm  from  the  reaction  zone, 
however,  the  majority  of  the  in  situ  reaction  pressure  mea¬ 
surements  were  made  with  a  capacitance  manometer  (MKS 
Baration)  3  cm  from  the  reaction  zone.  If  both  gauges  were 
used  to  monitor  gas  pressure  during  an  experimental  run,  the 
values  measured  using  the  capacitance  manometer  were  be¬ 
tween  15%  and  25%  higher  than  those  measured  by  the  ion¬ 
ization  gauge,  depending  upon  the  gas  in  use.  The  pressure 
dependence  plots  presented  in  the  following  sections  were 
obtained,  using  the  capacitance  manometer,  by  monitoring 
the  light  emission  ffom  the  reaction  zone.  Corrections,  which 
take  into  account  slight  pressure  gradients  across  the  cham¬ 
ber,  have  been  made  to  these  pressure  dependence  plots. 


FIG.  3.  Chemiluminescent  spectra  for  (a)  the  CaX?  iXY)  products  of  the  Ca 
('5)+Cl2.  ICl,  I2  reactions  at  comparable  group  IIA  metal  beam  flux  and 
halogen  pressures  over  the  range  3x  I0’*-2x  10“^  Torr  as  measured  by  a 
capacitance  manometer;  observed  CaX  emission  features  are  also  identified 
in  the  figure,  (b)  The  CaX2  (XK)  products  of  the  Ca  (‘Sl  +  Brj,  IBr.  U 
reactions  at  comparable  group  IIA  metal  beam  fiux  and  halogen  pressures 
over  the  range  4X  I0"^-2X  I0”^  Ton  as  measured  by  capacitance  manom¬ 
eter  All  spectra  were  taken  at  a  resolution  of  12  A.  Sec  the  text  for  discus¬ 
sion. 
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TABLE  I.  Experimentally  determined  bond  energies  of  group  IIA  mono- 
and  dihalides. 

kcal/mol* 

F  Cl  Br  I 

Mg  ”"[09  75  (58) 

Ca  126  94  73  62 

266(140°)  214(180°)  186(180°)  155(180°) 

Sr  129  96  79  64 

260(120°)  211(140°)  189(180°)  155(180°) 

Ba  139  104  85  72 

271(100°)  220(120°)  197(150°)  166(180°) 

*For  each  entry,  the  upper  value  corresponds  to  the  metal  monohaltde  bond 
energy  and  the  lower  value  corresponds  to  that  for  the  metal  dihalide. 

Metal  source  temperatures  were  measured  with  a  Leeds 
and  Northnip  disappearing  filament  optical  pyrometer  fo¬ 
cused  on  the  back  center  of  the  crucible  containing  the  metal 
of  interest.  The  crucible  was  observed  through  a  quartz  win¬ 
dow  directly  behind  the  oven  and  through  a  5/16  in.  diameter 
hole  in  the  tantalum  radiator.  The  pyrometer  was  calibrated 
during  each  run  sequence  by  comparison  with  a  calibrated 
tungsten  5%  rhenium  vs  tungsten  25%  rhenium  thermo¬ 
couple  (Control  Products  Corp.).  The  thermocouple  junction, 
was  sheathed  in  BeO  and  tantalum  and  protected  by  a  tung¬ 
sten  well.  This  assembly  was  placed  vertically  through  the 
base  of  the  oven,  between  the  crucible  and  the  tantalum  ra¬ 
diator,  and  located  in  its  closest  possible  proximity  to  the 
crucible  orifice. 

The  chemiluminescence  from  the  reactions  of  interest 
was  monitored  at  right  angles  to  the  metal  flow.  Spectral 
emissions  were  dispersed  with  a  1  m  Spex  scanning  mono¬ 
chromator  operated  in  first  order  with  a  Bausch  and  Lomb 
1200  groove/mm  grating  blazed  at  5(X)0  A.  Either  RCA  1P28 
or  4840  or  a  dry  ice  cooled  EMI  9808  photomultiplier  tube 
were  used  to  detect  the  dispersed  fluorescence  and  provide  a 
signal  for  either  a  Keithley  417  fast  picoammeter  or  a  417 
autoranging  picoammeter.  The  ouq)ut  signal  from  the  pi- 
coammeters  was  then  sent  either  to  a  Hewlett  Packard  chart 
recorder  or  to  a  personal  computer  for  storage  and  subse¬ 
quent  analysis.  All  spectra  were  wavelength  calibrated  with  a 
mercury  arc  lamp^^  or  with  respect  to  group  HA  metal  atomic 
emissions.^^ 

RESULTS  AND  DISCUSSION— PERIODICITY  OF 
GROUP  IIA  DIHAUDE  FORMATION 

Near  ‘‘single  collision”  chemiluminescence  and 
symmetry  constrained  product  formation 

As  Table  I  demonstrates,  the  strength  of  the  second 
group  IIA  metal-halogen  bond  is  at  least  comparable  to  or 
considerably  exceeds  that  of  the  first.  In  other  words  the 
atomization  energy,  especially  of  the  heavier  halogen  diha¬ 
lides,  is  at  least  twice  the  dissociation  energy  of  the  metal 
monohalide.  This  bonding  characteristic  suggests  that  the 
group  IIA-^halogen  molecule  reactions  might  represent  good 
candidates  to  study  few  body  complexation  processes. 

The  low  group  IIA  metal  ionization  potentials'^  and  the 
high  halogen  electron  affinities^^  signal  that  these  reactions 
are  expected  to  proceed  via  the  electron  jump  process 


whereby  the  group  IIA  metal  throws  out  an  electron  and 
harpoons  the  halogen  molecule  forming  an  M'^X^  complex. 
The  data  presented  in  Figs.  1-3  summarizes  the  observed 
dihalide  emission  spectra  generated  for  the  reactions  of  Ca. 
Sr,  and  Ba  with  the  homonuclear  (Cl2,Br2,l2)  and  mixed 
(ClF.ICl.IBr)  halogens,  under  near  single  collision  conditions 
(at  pressures  ranging  from  10  *-10  Torr).  The  emission 
from  the  mixed  halogen  reactions  with  strontium  and  barium 
is  distinctly  weaker  than  that  from  the  homonuclear  metathe¬ 
ses. 

In  contrast  to  the  M=Ca,Sr,Ba-X2  (X=C1,  Br,  I)  reac¬ 
tions  which  yield  a  strong  dihalide  emission,  the  reactions  of 
molecular  fluorine  with  these  metals  leads  only  to  monofluo¬ 
ride  emission.  In  fact,  only  a  weak  emission  continuum  in 
the  range  —3500-5500  A  is  observed  for  the  magnesium 
system  and  this  emission  is  found  to  be  quadratic  in  the 
fluorine  molecule  concentration.  This  dichotomy  represents 
an  important  periodic  trend  in  the  formation  of  the  dihalides. 

The  lack  of  a  notable  difluoride  emission  for  the  Ca.  Sr, 
and  Ba  reactions  represents  a  serious  challenge  to  the  valid¬ 
ity  of  the  double  harpoon  mechanism  (1).  The  data  in  Table  I 
as  well  as  periodic  correlations  with  atomic  dissociation 
products^  suggest  that  the  reaction  sequence  (1)  easily  sup¬ 
plies  the  energy  necessary  to  access  difluoride  excited  states. 
We  suggest  that  the  lack  of  a  CaF2,  SrF2,  or  BaF2  emission 
results,  at  least  in  part,  because  the  fluorine  molecule  nega¬ 
tive  ions  produced  in  the  electron  jump  process  dissociate 
much  more  rapidly  than  do  the  corresponding  CIJ ,  Br2 ,  or 
I2  ions.^*  This  results  not  only  from  the  considerably  smaller 
bond  energy  of  the  fluorine  molecule  but  also  from  the  nature 
of  the  vertical  electron  attachment  process  which  creates  the 
fluorine  negative  ion  high  on  the  repulsive  wall  of  its  ground 
state  potential.^*  In  contrast,  the  process  for  the  more  tightly 
bound,  heavier  halogens,  whose  size  better  accommodates 
electron  attachment,  can  lead  to  the  formation  of  a  consider¬ 
ably  longer-lived  negative  ion.  While  it  is  difficult  to  create  a 
long-lived  M'^X^  complex  in  those  reactions  with  molecular 
fluorine,  complex  formation  may  be  accommodated  for  the 
heavier  halogens.  The  observation  of  both  BaF  monohalide 
and  BaClF  dihalide  continuum  emission  for  the  reaction  of 
barium  with  a  strongly  bound  CIF  (59.2  kcal/mol)^’  mol¬ 
ecule  [Fig.  1(c)]  and  the  corresponding  lack  of  a  difluoride 
emission  resulting  from  the  Ba+F2  reaction  (Appendix)  sup¬ 
port  the  outlined  suggestions.  However,  we  must  also  note 
(Table  I)  that,  whereas  the  (MFj)  atomization  energies  are 
near  to  2Z)o(MF).  the  atomization  energies  of  the  chlorides, 
bromides,  and  iodides  well  exceed  twice  the  metal  monoha¬ 
lide  bond  energy. 

An  important  symmetry  constraint  is  signaled  by  the  in¬ 
tensity  of  the  emission  from  the  dihalides  formed  in  the  re¬ 
actions  of  calcium,  strontium,  and  barium  with  the  mixed 
halogen  molecules  IBr  and  ICl.  Figures  1(a)  and  1(b)  dem¬ 
onstrate  a  much  weaker  emission  for  the  heteronuclear  halo¬ 
gen  molecule  reactions  with  barium.  The  compared  spectra 
were  taken  at  the  same  resolution  and  with  nearly  identical 
halogen  pressures  and  metal  beam  fluxes.  We  will  suggest 
that  the  dominant  intensity  for  the  CU,  Bri,  and  Ii  reactions 
results  because  of  the  reaction  path  available  to  the 
homonuclear  (but  not  accessible  to  the  heteronuclear)  halo- 
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TABLE  II,  Geometry  of  group  UA  dihalides. 


Metal 

Halide 

F 

Cl 

Br 

I 

Be 

/• 

1 

i 

/ 

Mg 

/ 

1 

! 

1 

Ca 

b 

1 

1 

1 

Sr 

b 

b 

1 

/ 

Ba 

b 

b 

b 

b 

*/«  linear:  h,  bent. 


gen  reactions.  The  availability  of  this  C2j,  reactive  geometry 
(conical  intersection)  promotes  excited  state  dihalide  forma¬ 
tion  for  M+X2  but  not  M+XY  reactive  encounters.  The  ob- 
served  symmetry  effects  can  be  manifest  by  the  collisional 
stabilization  mechanism  (2)  but  are  highly  unlikely  for  the 
two  step  harpoon  mechanism  (1),  While  the  difference  in 
continuum  intensity  is  quite  pronounced  for  the  barium  reac¬ 
tions,  this  difference  decreases  for  the  strontium  reactions 
(Fig.  2)  and  is  almost  muted  for  the  calcium  reactions  (Fig. 
3).  This  behavior  is  consistent  with  the  electron  jump  model 
and  an  increasing  reactant  relative  velocity  for  the  calcium 
and  strontium  reactions  at  the  curve  crossing  region  associ¬ 
ated  with  the  M+X2— ►M'^+Xf  harpooning  process. 

A  group  HA  dihalido  corroiation  diagram 

The  expected  nature  of  the  transitions  responsible  for  the 
observed  dihalide  emission  continua  depicted  in  Figs.  1-3 
can  be  summarized  using  the  data  in  Tables  and  III  and 
the  molecular  orbital  correlation  diagram  depicted  in  Fig. 
4,^  We  will  discuss  the  contributing  transition  regions  (Table 
ni)  in  greater  detail  when  considering  the  vibronically  re¬ 
solved  dihalide  emission  spectra  observed  under  multiple 
collision  conditions.^  For  our  present  purposes,  however,  it 
is  relevant  that  we  consider  the  grid  of  ground  state  dihalide 
geometries  determined  by  Klemperer  et  al}^  (electric  quad- 


FIG.  4.  Bond  angle  variation  valence  correlation  diagram  for  the  highly 
ionic  BcFj  molecule.  Energy  is  in  hartiees.  See  the  text  for  discussion. 


rupole  deflection  of  molecular  beams)  and  outlined  in  Table 
II.  A  clear  trend  from  linear  to  bent  character,  which  has  been 
discussed  by  several  authors,  apparent  as  linear  geom¬ 
etries  arc  favored  by  the  light  mcial-hcavy  halogen  combi¬ 
nations  whereas  bent  structures  are  favored  by  the  heavy 
metal-light  halogen  combinations. 

The  strongly  ionic  character  of  the  group  IIA  dihalides 
has  important  consequences  as  the  BeF2  valence  correlation 


TABLE  m.  GfXMip  HA  dihalides — low-lying  electronic  states  and  electronic  transitions  in  O,*  (absorption)  or  Cu  (emission)  symmetry. 


Electron  configuration' 
(Absorption) 

State  designation 
(Absorption) 

Electron  configuration* 
(Emission) 

State  designation 
(Emission) 

Comments^ 

...(x.y,ir,)^® 

linear 

X  'Xf  ground  state 

,..(Xfl2)^(yfi2)^ 

X  'A|  Ground  state 

,(x.y.ir,)^(/cr,)* 

linear 

'•^n,  A-X  region 

1.3a 

A-X  region* 

A-X  region  transitions^ 
will  produce  large 
change  in  bond  angle 

...(x,y.ir,)^mffj* 

B-X  region 

1,3^ 

1.3^^  B-X  legW 

I.3a 

1.3^^  C-X  region* 

B-X  region  transitions^* 

linear 

C-X  region 

...(Jt02)'(>*2)^"ai)‘ 

will  produce  significant 
change  in  bond  length 
C-X  region  transitions'* 
will  produce  significant 
change  in  bond  length 

*Highest  occupied  ocbitals  (j.y)  and  lowest  promotion  orbitals  (/,m.n). 

‘A|  transition  is  etectric  dipole  allowed,  Uj-X  'A|  transition  is  vibronically  allowed  through  coupling  with  the  ground  or  excited  slate  asymmetric 
stretch  of  bi  symmetry.  The  corresponding  triplet-singlet  transitions  will  be  weaker. 

T^or  MXY  (SrlCl....)  we  have  (Jr,y,7^)^  (x,.v.ir)*'(/o'),  and  (x,y,ir)\m7r'). 

‘*For  MXY  (SrICL...)  we  have  (for  example)  {xa"){ya')^ila')\  (xfl’')-(yfl')(/fl'),  '-'a'  in  the  A-X  region. 

•For  the  A-X  region  see  Figs.  I  and  2  in  Ref.  3. 

^For  the  B-X  region  see  Figs.  3-5  in  Ref.  3. 

*For  the  C-X  region  sec  Fig.  6  in  Ref.  3. 
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diagram  of  Fig.  4  demonstrates.  Here,  the  orbital  occupation 
for  the  ground  state  of  BeFj  is  complete  through  the  ir^ 
orbital  and  the  greater  stability  of  the  sum  of  valence  orbital 
energies  at  180°  predicts  a  linear  ground  state  geometry.  This 
correlation  diagram,  while  oriented  to  the  energetics  of  the 
BeF2  valence  orbitals  as  a  function  of  bond  angle,^^  carries 
the  essence  of  the  bonding  trends  in  these  highly  ionic  AB2 
type  molecules.  Even  with  a  modification  of  this  diagram  to 
encompass  changes  associated  with  the  transition  from  light 
metal-heavy  halogen  linear  configurations  to  heavy  metal- 
light  halogen  bent  configurations,  the  important  consider¬ 
ations  relate  to  the  nature  and  ordering  of  the  ir^  HOMO  and 
(Tg  and  LUMO  orbitals  of  the  linear  configuration.  In 
contrast  to  CO2  where  the  lowest  lying  LUMO  is  of  ir„  sym¬ 
metry,  the  highly  ionic  character  of  the  BeFT  molecule  facili¬ 
tates  a  switch  such  that  the  Cg  LUMO  lies  lowest.  The  cor¬ 
responding  lowest  energy  transitions,  which  are  electric 
dipole  forbidden  for  the  linear  dihalides  in  absorption,  should 
also  be  quite  weak  for  the  heavier  bent  dihalides  because  of 
their  very  low  bending  mode  frequencies  and  floppy 
nature.”  Transitions  involving  the  Vg  HOMO  and  LUMO 
orbitals  are  electric  dipole  allowed,  representing  the  analogs 
of  the  lowest  energy  allowed  transitions  in  CO2;  however, 
the  specific  nature  of  the  orbital  makeup  in  BeF2  suggests 
that  the  oscillator  strength  of  these  transitions  will  be  smaller 
than  that  of  CO2. 

In  emission,  the  lowest  energy  “allowed”  dihalide  tran¬ 
sitions  should  be  from  a  highly  bent  'B2  excited  state  and  the 
A  'B2-X  'a,  band  system  should  be  dominated  by  long 
progressions  in  the  bending  modes  of  the  upper  and  (near 
linear)  ground  electronic  states.  However,  even  though  the 
transition  in  emission  is  allowed  (governed  by  the  selec¬ 
tion  rules),  the  lack  of  any  absorption  data,  even  for  the 
highly  bent  BaF2  molecule,  suggests  a  low  transition  prob¬ 
ability  resulting  in  a  long-lived  excited  state  emitter.  The 
expected  emission  contributes  to  the  observed  continue  in 
Figs.  1-3.  The  controlled  relaxation  of  the  emission  continue 
reveals  three  band  systems  (see  Ref.  30)  and  clearly  sepa¬ 
rates  the  A-X  emission  system  for  the  Ca-Cl2,  Ca-Br2, 
Sr-Cl2,  and  Sr-Br2,  reactive  encounters.  A  ready  pressure 
dependent  quenching  of  the  relaxed  chemiluminescent  spec¬ 
trum  for  the  A-X  system  would  appear  to  manifest  its  low 
transition  probability  [the  g—g  selection  rule  in  absorption 
(Table  ffl)]. 

In  this  same  spectral  region,  transitions  from  a  'A^  ex¬ 
cited  state  would  be  expected  to  be  weak  due  to  the  electric 
dipole  selection  rules  for  a  C2„  molecule.  However,  the  vi- 
bronically  coupled  transition  involving  the  asymmetric 
stretch  mode  is  allowed.  This  might  produce  a  band 
system  of  moderate  strength  characterized  by  an  alternating 
intensity  pattern  with  frequency  intervals  indicative  of  the 
asymmetric  stretch.  We  find  little  evidence  for  this  vibroni- 
cally  allowed  emission  in  the  observed  relaxed  multiple  col¬ 
lision  spectra  for  the  dihalides.  Transitions  involving  the  ^82 
state  (corresponding  to  the  spin  unpaired  electron  configura¬ 
tion  which  is  the  analog  of  the  ^82  state)  are  “spin  forbid¬ 
den”  and  arc  therefore  also  expected  to  be  weak. 

We  anticipate  the  change  in  bond  angle  which  accompa¬ 
nies  these  lowest  energy  transitions  to  be  so  pronounced  that 


the  observed  emission  spectrum  can  be  expected  to  extend 
over  several  hundred  angstroms.  We  summarize  our  conclu¬ 
sions  on  the  lowest  energy  transitions  for  the  dihalides  in 
Table  III. 

At  somewhat  higher  energies  in  emission  (Table  HI)  we 
expect  to  observe  transitions  from  excited  states  which  result 
from  promotion  to  the  b|(7r„)  and,  at  somewhat  higher  en¬ 
ergies,  the  a , ( 7r„)  orbital.  We  associate  the  resulting  electron 
configurations  and  transitions  with  the  8  and  C  state  regions 
summarized  in  Table  III,  the  electric  dipoje  allowed  transi¬ 
tions  corresponding  to  8  ^82-X  'Aj  and  C  ^82-X  Aj ,  re¬ 
spectively.  The  bond  angle  change  accompanying  these  tran¬ 
sitions  is  not  as  pronounced  as  that  accompanying  the  lowest 
energy  A -X  band  system,  however  a  change  from  ir  non¬ 
bonding  to  It  antibonding  character  should  result  in  a  spec¬ 
trum  dominated  by  progressions  in  the  dihalide  stretching 
frequency.  Emission  corresponding  to  the  B-X  system  has 
been  observed  for  Ca-Cl2,  Ca-Br2,  Sr-Cl^,  Sr-Br2,  and 
Sr-ICl  reactive  encounters,  whereas  the  C-X  system  is  ex- 

30 

cited  only  as  a  result  of  the  strontium  reactions. 


Periodic  trends  in  the  pressure  dependence  of 
dihaiide  emission  features:  Coilisional  stabilization  of 
dihaiide  excited  states 

The  behavior  of  the  chemiluminescent  intensity  as  a 
function  of  oxidant  pressure  follows  a  dependence^  of  the 
form  where  p  represents  the  order  of  the  reaction 

relative  to  the  constituents  under  study  and  represents 
an  attenuation  factor  proportional  to  the  reaction  cross 
section.^  Reactions  following  first  order  bimolecular  kinet¬ 
ics  will  display  a  linear  increase  in  chemiluminescence  in¬ 
tensity  with  increasing  oxidant  pressure  until  attenuation  ef¬ 
fects  become  significant.  Faster  than  first  order  reactions  will 
display  a  positive  curvature  since  P  is  greater  than  one. 
Both  the  coilisional  stabilization  mechanism  (2)  and  the  two 
step  double  harpoon  mechanism  (1)  should  display  a  qua¬ 
dratic  dependence  in  the  oxidant  pressure. 

In  Fig.  5  we  present  plots  of  chemiluminescent  intensity 
verses  oxidant  pressure  for  the  Ba+Cl2  and  Ba+CIF  reac¬ 
tions.  The  plot  for  the  Ba+Cl2  reaction  represents  the  com¬ 
pilation  of  two  experimental  runs  at  4500  A  (res=  10  A), 
whereas  the  data  for  the  Ba+CIF  reaction  were  taken  at  4000 
A.  These  plots  indicate  a  second  order  dependence  on  oxi¬ 
dant  pressure.  They  can  be  compared  with  the  number  den¬ 
sity  vs  light  intensity  plots  of  Wren  and  Menzinger*®  for  the 
Ba-F2,  CI2,  Br2.  and  I2  reactions  depicted  in  Fig.  6.  While 
these  authors  interpret  their  data  for  the  Ba+CU,  Br2,  and  I2 
reactions  as  displaying  a  linear  onset  followed  by  a  quadratic 
increase  in  light  intensity  as  a  function  of  pressure,  we  find 
no  evidence  for  linearity  at  pressures  as  low  as  1 X 10"  Torr 
cither  for  the  Ba+Cl2  reaction  or  for  the  Ba+l2  reaction 
whose  pressure  dependence  is  depicted  in  Fig.  7.  Further 
insight  into  the  behavior  of  the  emission  continuum  is  gained 
from  Table  IV  where  we  plot  relative  intensities  as  a  function 
of  pressure  and  wavelength  for  the  BaCl*  continuum.  The 
data  in  Table  IV  suggest  the  collapse  of  intensity  in  the  wings 
of  the  continuum  with  increasing  pressure.  We  find  that  this 
pattern  pervades  as  we  extend  these  low  pressure  studies  in  a 
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Pressure 
(xIO^  torr) 

FIG.  5.  Chemiluminescent  intensity  versus  oxidant  pressure  for  the  reac¬ 
tions  Ba+CIj— »BaCl?  and  Ba-fClF— ^BaClF*.  The  results  were  obtained  at 
a  wavelengths  of  4500  and  4000  A,  respectively,  and  at  a  resolution  of  10  A. 
Pressures  were  measured  with  a  capacitance  manometer.  See  the  text  for 
discussion. 


Pressure 
(xio"®  torr) 

FIG.  7.  Chemiluminescent  intensity  versus  oxidant  pressure  for  the  reac¬ 
tions  Ca.  Sr,  Ba+l2  run  at  temperatures  to  give  near  matching  group  QA 
metal  source  fluxes.  The  results  were  obtained  at  a  wavelength  of  4700  A 
and  at  a  resolution  of  10  A.  Pressures  were  measured  with  a  capacitance 
manometer.  See  the  text  for  discussion. 


controlled  manner  to  the  multiple  collision  pressure 
regime.^^ 

If  we  consider  more  closely  the  pressure  dependent  be¬ 
havior  indicated  by  the  data  of  Wren  and  Menzinger,*®  we 
note  a  trend  in  the  onset  of  the  faster  than  first  order  pressure 
dependence.  The  onset  of  the  nonlinear  intensity  increase 
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FIG.  6.  Chemiluminescent  intensity  versus  oxidant  pressure  for  the  reac¬ 
tions  Ba-^F2.  CI2.  Br^.  and  In  from  the  data  of  Wren  and  Menzinger  (Ref. 
10).  As  reinterpreted  in  the  text,  dihalide  emission  is  nKmitored  in  the  CU. 
Brn.  and  In  studies  whereas  monohalide  emission  is  monitored  in  the  Fn 
study.  See  the  text  and  the  Appendix  for  discussion. 


with  pressure  is  most  pronounced  for  the  Ba+l2  continuum 
followed  by  the  continua  for  Ba-I-Br2  and  Ba+Cl2.  respec¬ 
tively.  This  trend  might  be  explained  by  the  increased  density 
of  states  for  the  heavier  product  dihalides  which  promotes  a 
more  efficient  collisionally  stabilized  emission.  It  might  also 
result  from  the  periodic  inteq)lay  between  the  ground  and 
low-lying  electronic  states  of  the  dihalide. 

For  all  of  the  dihalides  which  are  linear  in  their  ground 
electronic  states,  the  ►g  electric  dipole  forbidden  na¬ 
ture  of  the  lowest  energy  transition  will  lead  to  a  very  weak 
absorption.  The  results  in  Table  II  portend  of  a  clear  periodic 
trend.  For  the  barium  dihalides,  all  of  which  have  bent  con¬ 
figurations,  Bal2  will  be  influenced  by  the  electric  dipole 
forbidden  g<— /--^g  transition  (for  the  linear  configuration)^^ 
more  than  will  BaBr2  (which  should  then  exceed  BaCl2t  and 
BaF2,  respectively).  The  BaF2  absorption  cross  section 
should  exceed  the  cross  sections  of  all  the  remaining  group 
IIA  dihalides. 

The  emission  spectra  for  the  lowest  energy  transitions  of 
the  group  UA  dihalides  should  also  be  influenced  by  the 
nature  of  the  g^/— ►g  selection  rule.  The  excited  state  radia¬ 
tive  lifetimes  for  the  barium  halides  will  be  expected  to  fol¬ 
low  the  trend  r^(Bal2)>Tj^(BaBr2)>r/j(BaCl2)>Tjj(BaF2). 
The  expected  trend  in  the  radiative  lifetimes  can  be  manifest 
in  the  observed  pressure  dependences  (Figs,  5-7)  for  the 
group  IIA-mctal  halogen  reactions.  The  longer-lived  species 
are  expected  to  display  the  effects  of  secondary  stabilizing 
collisions  at  lower  pressures.  This  appears  manifest  in  Fig.  6 
where  the  Bal2  pressure  dependent  emission  intensity  rises  at 
a  faster  rate  than  that  for  BaBr2  (who.se  rise  is  correspond- 


J.  Chem.  Phys..  Vol.  102,  No.  19,  15  May  1995 


7432 


James  L.  Gole:  High  temperature  complex  formation 


Cl: 

TABLE  IV.  BaCl?  continuum.  Ba+CU— —  BaCI? +CIv  Relative  iniensilics  as  a  function  of  pressure. 

X  (A) 


Pressure 

3000 

3553 

4327 

4659 

5000 

5765 

6318 

3  xiO*’ 

0.26 

0.58 

1.0 

0.97 

0.68 

0.41 

0.34 

4  XIO'* 

0.13 

0.5! 

1.0 

0.89 

0.57 

0.26 

0.18 

4  xlO"’ 

0.14 

0.46 

1.0 

0.89 

0.60 

0.25 

0.18 

5  xlO’’ 

0.17 

0.50 

I.O 

0.83 

0.58 

0.25 

0.18 

5  xiO-' 

0.16 

0.52 

l.O 

0.92 

0.63 

0.30 

0.19 

6  xiO'’ 

0.13 

0.50 

I.O 

0.91 

0.59 

0.25 

0.16 

6  xlO"' 

0.12 

0.49 

1.0 

0.89 

0.58 

0.25 

0.16 

7  XIO  ■' 

0.11 

0.49 

1.0 

0.89 

0.58 

0.24 

0.14 

7  xlO"' 

0.10 

0.50 

1.0 

0.90 

0.60 

0.23 

0.15 

8  XIO'* 

0.08 

0.50 

1.0 

0.88 

0.56 

0.22 

0.13 

8  XIO'- 

0.09 

0.51 

1.0 

0.88 

0.55 

0.23 

0.13 

9  XIO'* 

0.08 

0.50 

1.0 

0.90 

0.54 

0.23 

0.11 

9  XIO"' 

0.08 

0.47 

I.O 

0.85 

0.53 

0.20 

0.11 

10  XIO'* 

0.08 

0.49 

1.0 

0.86 

0.55 

0.21 

0.16 

10  XIO'* 

0-07 

0.49 

1.0 

0.86 

0.53 

0.20 

0.11 

2  xlO'* 

0.07 

0.51 

1.0 

0.86 

0.54 

0.21 

0.10 

2  XIO'* 

0.07 

0.52 

I.O 

0.87 

0.55 

0.21 

0.10 

3.1X10'* 

0.07 

0.49 

1.0 

0.84 

0.53 

0.20 

0.10 

3.1X10'* 

0.07 

0.49 

1.0 

0.85 

0.54 

0.19 

0.10 

4  XIO'* 

0.07 

0.52 

1.0 

0.86 

0.54 

0.20 

0.10 

4  xlO'* 

0.08 

0.5! 

1.0 

0.87 

0.55 

0.20 

0.10 

5  XIO'* 

0.08 

0.52 

1.0 

0.86 

0.55 

0.20 

0.11 

5  xlO'* 

0.09 

0.53 

I.O 

0.85 

0.55 

0.20 

O.IO 

ingly  faster  than  that  for  BaCl2).  A  similar  trend  is  manifest 
in  Fig.  7  for  the  Cal2,  Srl2,  and  Bal2  emission  features  where 
the  “faster  than  first  order”  behavior  onsets  most  sharply  for 
the  longer-lived  Cal2  followed  by  Srl2  and  then  Bal2. 

While  it  might  be  argued  that  the  behavior  observed  for 
the  barium  halides  corresponds  to  an  enhanced  stabilization 
cross  section  paralleling  an  increased  density  of  states,  this  is 
an  unlikely  explanation  for  the  trends  observed  in  Fig.  7  for 
the  Cal2»  Srl2,  and  Bal2  pressure  dependences.  The  data  in 
Fig.  5  for  the  BaCl2  and  BaClF  emission  features  are  also 
consistent  with  a  dependence  on  radiative  lifetime.  Here,  the 
BaClF  complex  is  expected  to  be  shorter  lived  due  to  the 
lighter  fluorine  atom  and  the  loss  of  symmetry  relative  to 
BaCl2.^’^*  The  parallel  with  the  periodic  trends  observed  in 
Table  U  is  striking. 

The  data  presented  in  Fig.  6  for  the  Ba+F2  reaction 
seems  inconsistent  with  this  periodically  based  interpretation 
and  with  the  observed  pressure  dependences  of  the  remain¬ 
ing  barium  reactions.  However,  it  can  be  demonstrated  (Ap¬ 
pendix)  that  the  observed  linear  pressure  dependence  which 
corresponds  with  the  seemingly  continuous  emission  feature 
observed  to  extend  from  6000-7(XX)  A  in  the  spectrum  for 
the  Ba+F2  reaction  [Fig.  1(d)]  correlates  not  with  BaF2  but 
with  a  much  shorter  lived,  highly  vibrationally-rotationally 
excited,  BaF  molecule. 

A  symmetry  constrained  electron  Jump  process 

The  relative  intensities  of  the  group  IIA  dihalide  con¬ 
tinuum  emissions  observed  for  homo-  and  heteronuclear 
halogen  reactions  can  be  understood  within  the  electron 
jump  harpoon  model.  Here,  we  use  the  correlations  outlined 
in  Table  V  and  extrapolate  on  the  simple  yet  elegant  argu¬ 


ments  used  by  Menzinger^^  to  explain  the  metal  monohalide 
chemiluminescent  emissions  from  fluorine  and  chlorine  mol¬ 
ecule  reactions. 

The  correlation  diagram  in  Fig.  8  provides  a  simple  de¬ 
scription  of  the  reaction  channels  based  upon  electronic  re¬ 
arrangements  along  the  reaction  coordinate.  This  simple 
model,  which  reduces  the  four-dimensional  hypersurface  to 
two-dimensional  energy  profiles,  can  be  used  to  provide  a 
good  first  order  description  of  the  systems  of  interest  because 
of  the  strongly  covalent  and  ionic  character  of  the  relevant 
configurations.  Within  this  framework,  the  location  of  the 
intersections,  ,  of  the  curves  (configurations)  of  interest 
and  the  strength  of  their  coupling  can  be  estimated  from 
Coulomb's  law  and  empirical  coiTclations.^’"‘*V 

We  adopt  the  reasonable  proviso  that  most  of  the  elec¬ 
tronic  branching  for  these  systems  is  governed  by  entrance 
channel  interactions.  We  realize  that  at  long  range,  where  the 
Coulomb  interaction  of  charge  clouds  dominates  the  multi- 


j)  yx**x 

20  MX  (A’  ‘A,  A*n.  B^*) 
n  MX(X*I*)*X(^ 


FIG.  8.  Correlation  of  electron  configurations  for  group  UA  metal  (M)- 
halogen  molecule  (X^)  reactive  encounters. 
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TABLE  V.  Sutcs  arising  from  M  +  X,  reactant  configurations. 


c, 

C.. 

M(‘5)+Xj{'2;) 

'A' 

'■>A' 

M*2('s)+x,-('x;) 

W 

‘^1 

pole  expansion  of  the  interaction  potential,  the  Harpooning 
model"*^  provides  a  reliable  estimate  of  the  covalent/ionic 
crossing  radius 

(3) 

where  A£j,=IP-EA  is  the  asymptotic  separation  of  cova¬ 
lent  |c)  and  ionic  |/)  configurations  and  where  IP  and  EA  are 
the  effective  values  of  the  reacting  metal  fragment  ionization 
potential  and  halogen  molecule  electron  affinity.  Although 
the  model  is  expected  to  fail  at  shorter  range  in  proportion  to 
the  overlap  of  the  fragment  electron  distributions,  it  can  still 
provide  a  reasonable  estimate  of  the  inner  crossing  regions. 
The  correlation  diagram  is  constructed  on  this  basis. 

Reactions  to  produce  the  dihalide  are  thought  to  proceed 
through  an  electron  jump  “outer  harpooning”  process  in¬ 
volving  the  interaction  of  the  M+X2  (|l>  in  Fig.  8)  covalent 
and  M'^+X2  (|3)  in  Fig.  8)  ionic  curves.  For  a  C,  or  Cx„ 
collision  geometry,  this  process  involves  the  strong  coupling 
of  U '  or  '2  covalent  and  ionic  potentials  (Table  V)  of  the 
same  symmetry,  leading  to  an  avoided  crossing,  harpooning, 
and  the  formation  of  the  ground  state  metal  halide.  However, 
if  the  collision  geometry  is  of  €2^  symmetry,  the  symmetry 
species  of  the  covalent  and  ionic  curves  (Table  V)  are  'A , 
and  '£2.  respectively,  and  the  curves  for  the  two  states  inter¬ 
sect.  It  is  through  this  intersection  and  a  range  of  approach 
angles  within  a  cone  of  acceptance  around  the  X2  bisector'*^ 
that  the  system  slips  past  the  outer  harpooning  region  corre¬ 
sponding  to  the  conical  intersection  of  adiabatic  states  at  the 
|l>|3)  crossing  (Fig.  3)  and  gains  access  to  the  “inner  har¬ 
pooning”  region. 

The  crossing  involving  the  ionic  configuration  |3)  and 
the  doubly  ionic  configuration  |5)  will  be  avoided  as  the 
|3)|5)  interaction  between  these  curves  of  the  same  symmetry 
is  thought  to  be  significant.  Access  to  the  inner  harpooning 
region  thus  promotes  an  avoided  crossing  leading  to  the 
chemiluminescent  channels.  The  low  statistical  weight  of  the 
near  C2„  collisions  is  partly  responsible  for  the  chemilumi¬ 
nescent  quantum  yields  in  these  systems.  For  the  M+XY 
reactive  encounters,  which  cannot  access  a  €2^  collision  tra¬ 
jectory,  the  outer  harpooning  process  must  always  corre¬ 
spond  to  an  avoided  crossing  which  shields  the  channel  for 
chemiluminescent  product  formation.^  As  we  compare  the 
continue  generated  for  the  barium  atom -mixed  halogen  re¬ 
actions  with  ICl  and  IBr  with  those  for  the  corresponding 
homonuciear  CK,  Br2,  and  I2  reactions  (Fig.  1),  we  observe  a 
considerably  weaker  emission  for  the  mixed  halides  vs  their 
homonuciear  counterparts.  However,  this  difference  dimin¬ 
ishes  for  the  strontium  system  (Fig.  2)  and  is  almost  com¬ 
pletely  muted  for  the  calcium  system  (Fig.  3). 


TABLE  VI.  States  arising  from  MX+Xi  reactant  configurations  with  ihe 
MX  molecular  axis  along  the  perpendicular  bisector  of  the  X^  bond  for 
symmetry. 


C, 

C2. 

w 

Mx*('i*)+Xj-(%;) 

^A' 

■X 

We  suggest  that  this  behavior  is  again  consistent  with  the 
electron  jump  process.  The  probability,  P,  that  there  is  no 
change  in  electronic  state  during  passage  through  the  outer 
harpooning  crossing  point,  ,  can  be  given  approximately 
by 

P  =  exp{-u„/v),  (4) 

where  is  the  characteristic  velocity  (proportional  to  ^ 
and  the  separation  between  the  ionic  and  covalent 
curves  at  the  crossing  point)  and  v  represents  the  initial  rela- 
tive  velocity  of  the  colliding  alkaline  earth  metal  and  halogen 
molecule.  In  concert  with  the  alkaline  earth  ionization  poten¬ 
tials,  we  anticipate  /?;j(Ba)>^,(Sr)>/?^(Ca)  for  a  given  halo¬ 
gen  molecule,  implying  u^3a)>U;„(Sr)>i;„(Ca).  With 
«^c-x>ysr-x>yBi-x  we  have 

(Vm^v)^^>{v„/v)sc>(v„fv)ci  (5) 

suggesting  that  the  probability  of  outer  harpooning  and  the 
formation  of  the  ground  state  metal  halide  is  greatest  for  the 
barium  reactions  and  decreases  for  the  reactions  of  strontium 
and  calcium,  respectively.  As  the  characteristic  relative  ve¬ 
locities  of  the  reactants  at  the  ionic-covalent  crossing  in¬ 
creases  in  traversing  the  group  IIA  metals  from  barium  to 
calcium,  the  reactions  now  overcome  or  tunnel  through  the 
barrier  to  chemiluminescent  product  formation. 

The  singly  ionic  excited  configurations 
and  are  expected  to  have  a  substantially 

reduced  binding  energy  compared  with  the  ground  state  of 
the  dihalide.  This  alone  should  promote  an  intermediate  of 
considerable  spatial  extent,  facilitating  the  possibility  of  col- 
lisional  subilization.  The  symmetry  constrained  electron 
Jump  process  signals  a  dynamic  constraint  which  is  not  con¬ 
sistent  with  the  two  step  double  harpooning  process  (1).  The 
dominant  participation  of  this  process  would  require  (Table 
VI)  that  the  highly  vibrationally  and  rotationally  excited  MX 
product  of  an  initial  M-f  X2  reactive  encounter  maintain  axial 
alignment  along  the  perpendicular  bisector  of  the  X2  bond  as 
the  second  electron  jump  process  occurs.  This  is  a  highly 
unlikely  possibility. 

We  suggest  that  the  absence  of  difluoridc  emission  spec¬ 
tra  resulting  firom  the  calcium,  strontium,  and  barium  reac¬ 
tions  and  the  weak  difluoride  emission  continuum  observed 
for  the  magnesium  reaction  can  also  be  explained  within  the 
framework  of  the  electron  jump  process.  Because  the  ioniza¬ 
tion  potential^  of  magnesium  (7.644  eV)  considerably  ex¬ 
ceeds  those  of  calcium  (6. 1 1 1  eV),  strontium  (5.692  eV),  and 
barium  (5.210  eV),  the  Mg+F^  reaction  is  expected  to  pro¬ 
ceed  more  slowly  as  covalent  forces  come  into  play  and  the 
electron  jump  process  is  less  efficient.  With  a  less  efficient 
electron  jump  process  and  an  interaction  at  closer  range,  the 
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probability  for  fluorine  molecule  dissociation  can  be  dimin¬ 
ished  to  the  extent  that  the  difluoride  complex  can  be  formed 
and  collisionally  stabilized. 

The  electron  jump  model  qualitatively  explains  the  ob¬ 
served  trends  in  dihalide  emission  intensity.  More  detailed 
calculations  of  the  couplings  at  the  avoided  crossing  regions 
will  be  needed  to  place  these  arguments  on  a  more  quantita¬ 
tive  base  however  the  framework  of  collision  complex  stabi¬ 
lization  is  established.  Refinements  will  best  be  accom¬ 
plished  following  an  initial  effort  to  parameterize  dihalide 
electronic  and  vibronic  structure  from  optical  signatures  (en¬ 
ergy  levels,  radiative  lifetimes,  differential  bond  angle 
changes),  all  of  which  can  also  serve  to  refine  ionic  models. 
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APPENDIX:  FORMATION  OF  HIGHLY  VIBRATIONALLY 
EXCITED  BaF*S  *2^  FROM  THE  Ba+CIF.Fj 
REACTIONS 

Some  confusion  in  the  interpretadon  of  the  dynamics  of 
group  UA-halogen  molecule  reacdons  has  resulted  from  the 
assignment  of  monofluoride  emission  features  to  the  difluo¬ 
rides.  Menzinger,^^  in  studying  the  reactions  of  calcium, 
strondum,  and  barium  with  molecular  fluorine,  assigned  an 
observed  6(XX)-7500  A  feature,  resuldng  from  the  Ba+F2 
reacdon,  to  a  BaF2  continuum  emission  on  the  basis  of  a 
conceived  minimal  correladon  with  the  BaF*B  ^2'*’ 

emission  system.  He  noted  also  the  virtual  absence  of  CaF2 
and  SrF2  emission  features.  Engclke*^"^  has  identified  the 
(-6000-7000  A)  and 

(—7500-8800  A)  band  systems  of  BaF  resuldng  from  the 
“crossed  beam”  Ba(^Z),)+F2  reacdon  at  pressures  less  than 
10"^  Torr. 

The  Ba+CIF  reacdon  [Fig.  1(c)],  like  the  Ba+F2  sys¬ 
tem,  is  characterized  by  an  emission  feature  extending  from 
6000  to  7000  A.  It  is  apparent  even  in  the  fast  scan  of  Fig. 
1(c)  that  this  is  a  structured  feature  and  the  higher  resolution 
scan  depicted  in  Fig.  9(a)  demonstrates  that  the  observed 
spcctram  corresponds  to  the  B  ^2^  band  system  of 

BaF.  While  this  correspondence  can  be  established,  the 
chemiluminescence  spectrum  differs  notably  from  previously 
observed  emission  features  for  the  B-X  system.  Tht  chemi¬ 
luminescence  spectrum  is  dominated  by  Au  =  +2  to  Au  =  +5 
sequences  whereas  all  previous  spectra  are  dominated  by  the 
Au  =0,  i;  =  + 1,  and  i;  =  - 1  sequence  groupings.  The  reason 
for  this  discrepancy  can  be  discerned  from  the  simulation  for 
the  BaF  B  “2*^--^  ^2^^  transition  presented  in  Fig.  9(b). 


BaF  Simulation 


V^velength  (A) 


FIG.  9.  (a)  BaF*  B  ^2'^  chemiluminescent  emission  spectrum  for 

the  reaction  Ba+CIF— *BaF*+Cl  over  the  pressure  range  IXIO*"'  to 
IX10“*  Torr  corresponding  to  “single  collision'*  conditions.  The  spectrum 
is  characterized  by  off>diagonaJ  sequence  structure.  Bandheads  are  desig¬ 
nated  by  the  excited  state  vibrational  quantum  number  and  all  identified 
sequences  correspond  to  a  larger  quantum  number  for  the  excited  state  than 
that  for  the  ground  state,  (b)  Simulation  of  the  BaF*  B  ‘2  *  chemi¬ 

luminescent  emission  spectrum  for  the  Ba+CIF— »BaF*+Cl  reaction  [Fig. 
1(a)].  The  simulated  spectrum  suggests  the  vibrational  distribution  inset  in 
the  figure  peaking  at  the  high  excited  state  vibrational  quantum  level  i; '  =  38. 

To  generate  the  simulation  of  Fig.  9(b),  we  used  the  BaF 
molecular  constants  of  Effantin  et  A  suitable  set  of 
Franck-Condon  factors  was  calculated,  using  standard 
techniques,"^  from  the  rotationless  RKR  potentials  of  the 
B  ^2"^  and  X  ^2“^  electronic  states  of  the  BaF  molecule.  We 
considered  transitions  between  the  lowest  50  vibrational  lev¬ 
els  of  each  state.  A  Boltzmann  rotational  temperature  close  to 
800  K  was  imposed  on  each  upper  state  vibrational  level  and 
chemiluminescent  transitions  were  allowed  from  populated 
B  state  vibrational  levels  to  the  lowest  50  vibrational  levels 
of  the  ground  electronic  state,  p-type  doubling,  appropriate 
for  a  ^2-^2  transition,"^  was  included  in  the  simulation  for 
both  the  upper  and  lower  electronic  states.  The  resulting 
spectrum  was  appropriately  smoothed  to  simulate  a  finite 
bandwidth  instrument  response  in  order  to  facilitate  compari¬ 
son  with  experimental  observations.  The  upper  state  vibra¬ 
tional  population  distribution  is  clearly  non-Boltzmann  in 
character.  We  find  that  the  BaF  spectrum  of  Fig.  9(a)  is  well 
represented  by  a  strongly  inverted  vibrational  distribution 
peaking  at  — 1;'=38.  Transitions  involving  the  lower  vibra¬ 
tional  levels  are  strongly  diagonal,  however,  high  vibrational 
excitation  fosters  the  observed  sequence  deviations. 

Because  the  impact  parameter  for  the  electron  Jump  re¬ 
actions  of  barium  is  quite  high,  we  also  considered  the  pos¬ 
sibility  that  the  effective  potential 
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WAVELENGTH  (X) 

FIG.  10,  Section  of  the  BaF*  B  -X  chemiluminescent  emission 
spectrum  for  the  reaction  Ba+Fj—^BaF^  +  F.  Based  on  comparison  with 
Figs.  9(a)  and  (b),  the  excited  state  distribution  is  expected  to  peak  at  a  very 
high  vibrational  quantum  level,  v  \  Bandheads  are  designated  (t;',!;"). 


£/eff(^)  =  U{R)  +  h^J(J+  I  )/2fiR^ 

for  the  previous  and  present  spectroscopic  studies  differs 
subsiamially,  promoting  a  deviation  from  diagonal  Ai;=0 
sequence  structure.  While  a  greatly  increased  rotational  ex¬ 
citation  causes  some  deviation,  this  is  by  no  means  sufficient 
to  explain  the  clear  Ai;  =  +  2,  -f-3  sequence  domination  de¬ 
picted  and  simulated  in  Fig.  9. 

The  results  obtained  for  the  Ba+CIF  reaction  portend  of 
the  rovibrational  distribution  we  expect  for  the  Ba-f-F2  reac¬ 
tion  which  is  considerably  more  exothermic.  From  a  scan 
(Fig.  10)  taken  at  the  long  wavelength  onset  of  the  dominant 
seemingly  continuous  emission  [Fig.  1(d)],  we  recognize  fea¬ 
tures  corresponding  to  the  At;  =  + 1  sequence,^’  however,  the 
identification  of  these  features  is  greatly  aided  by  our  knowl¬ 
edge  of  the  observed  trends  in  the  Ba+CIF  {B  ^2‘*‘) 

emission  spectrum.  With  a  larger  reaction  exoeigicity  and  a 
comparable  if  not  greater  impact  parameter,  the  Ba+F2  reac¬ 
tion  should  display  (1)  a  more  pronounced  off-diagonal  shift 
in  the  BaF  B  ^2  emission  system  as  considerably 

higher  vibrational  levels  are  populated  and  (2)  a  significant 
increase  in  rotational  excitation.  The  experimental  scans  con¬ 
firm  this  result  as  the  rotational  excitation  is  so  pronounced 
that  the  resolution  of  vibrational  structure  is  difficult.  At 
wavelengths  shorter  than  6900  A,  the  overlap  of  vibrational- 
rotational  structure  leads  to  a  spectrum  of  such  density  that 
resolution  is  precluded.  There  is,  however,  a  clear  trend  to¬ 
ward  emission  from  the  At;  =  -h/V  sequences. 

The  linear  pressure  dependence  reported  by  Wren  and 
Menzinger*®  for  the  Ba+F2  reaction  is  not  surprising.  Be¬ 
cause  a  BaF  B  fluorescent  feature  is  moni¬ 


tored,  the  observed  pressure  dependence  with  halogen  con¬ 
centration  is  linear  since  the  radiative  lifetime  for  the  B 
state  of  BaF  is  of  order  10”®  s.^  The  collision  frequency  at 
lO”'*  Torr,  the  upper  limit  of  the  pressure  dependent  plot,  is 
of  order  lOVs;  therefore,  those  BaF*  B  molecules 
formed  in  bimolecular  reaction  radiate  well  before  suffering 
secondary  collisions. 
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Confirmation  of  long-range  collision  complex  stabilization  through 
the  controlled  relaxation  of  high  internal  excitation 
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A  series  of  controlled  multiple  collision  chemiluminescent  and  laser  induced  fluorescent  studies 
confirm  the  long-range  collisional  stabilization  of  high  temperature  group  IIA  dihalide  complexes  of 
some  considerable  spatial  extent.  The  relaxation  process  demonstrates  that  the  pseudocontinuum 
emissions  observed  under  near  single  collision  conditions  [J.  Chem.  Phys.  102,  7425  (1995)] 
correspond  to  the  overlap  of  a  closely  spaced,  highly  excited,  rovibronic  distribution.  Controlled 
relaxation  reveals  the  first  vibrationally  resolved  electronic  emission  for  the  dihaiides.  The  vibronic 
structure  of  the  observed  emission  spectra  correlates  well  with  expectations  based  on  the  molecular 
^  electronic  structure  of  the  ground  and  low-lying  electronic  states  of  the  dihaiides.  The  vibronically 
resolved  emission  from  the  Sr+ ICllIfSrlCl'^  and  mixed  halogen  Sr+Cl2>  Br2!l*SrCl2 +SrBrJ 
reactions  provides  strong  support  for  the  formation  of  a  collisionaily  stabilized  dihalide  complex. 
These  results,  correlated  with  near  single  collision  studies,  form  a  basis  for  the  discussion  of  (1)  the 
kinetics  of  formation  of  the  dihalide  complexes  and  (2)  the  implications  of  long-range  collisional 
stabilization.  Current  theories  may  not  accurately  model  these  observations.  Dihalide  complex 
formation  as  it  influences  the  energy  partitioning  to  metal  monohalide  excited  states  may  account  for 
the  discrepancies  between  those  monohalide  bond  strengths  determined  by  mass  spectrometry  and 
chemiluminescent  techniques.  ©  1995  American  Institute  of  Physics. 


INTRODUCTION 

In  the  previous  paper^  we  considered  a  series  of  nearly 
continuous  emission  features,  generated  from  group  IIA 
metal -halogen  molecule  reactions  and  extending  across  the 
visible  and  ultraviolet  regions  of  the  spectrum.  We  assigned 
these  continua  to  highly  excited  group  IIA  dihalide  emitters. 
These  emission  features,  studied  under  near  single  collision 
conditions  in  a  beam-gas  environment,  might  be  attributed 
to  the  overlap  of  a  closely  spaced  highly  excited  rovibronic 
distribution.  Alternatively  they  might  correspond  to  a  predis¬ 
sociating  and  broadened  level  structure  or  even  the  manifes¬ 
tation  of  a  fly-by  collision.^  By  extending  single  collision 
chemiluminescent  and  laser  induced  fluorescent  studies  in  a 
controlled  manner  to  the  multiple  collision  pressure  regime^ 
we  wish  to  employ  the  relative  rates  of  /?-/?  and  V-V  re¬ 
laxation  processes.  We  wish  to  relax,  if  possible,  the  high 
degree  of  rotational  excitation  characteristic  of  the  single  col¬ 
lision  environment  while  still  preserving  the  degree  of  vibra¬ 
tional  excitation.  Not  only  does  this  ^roach  elucidate  the 
single  collision  process,  but  also  it  greatly  aids  the  identifi¬ 
cation  of  the  chemiluminescent  emitter  and  simplifies  laser 
induced  fluorescent  evaluations  of  the  reactive  environment. 

The  controlled  extension  of  the  study  of  highly  exother¬ 
mic  processes  to  the  multiple  collision  regime  also  reveals 
unexpected  efficiencies  for  the  rates  of  energy  transfer 
among  the  electronically  and  highly  vibrationally  excited 
states  of  high  temperature  molecules.^”^  Collision  induced 
intramolecular  energy  transfer  proceeds  at  rates  which  for 
certain  levels  may  approach  500  times  gas  kinetic  with  cross 
sections  well  in  excess  of  4000  It  appears  that  both  the 
low-lying  electronic  states  and  high  vibrational  levels  of  the 
ground  state  of  simple  high  temperature  molecules  interact 
with  a  collision  partner  as  if  strong  interactions  are  present 


over  a  much  larger  region  of  configuration  space  than  might 
have  been  previously  anticipated."^*^ 

If  the  single  collision  dihalide  continuum  observed  at 
low  pressures*  results  from  an  extremely  high  rotational  ex¬ 
citation,  and  if  this  excitation  can  be  relaxed  selectively,  the 
identity  of  the  contributing  dihalide  excited  states  might  be 
established.  Here,  we  demonstrate  the  successful  relaxation 
of  the  continuous  dihalide  emission  features  (considered  pre¬ 
viously)  and  determine  that  these  continua  correspond  to  the 
overlap  of  emission  from  three  transition  regions.  We  estab¬ 
lish  the  discrete  nature  of  the  dihalide  emissions  which  con¬ 
tribute  to  the  single  collision  continuum,  obtain  the  first  vi¬ 
brationally  resolved  emission  spectra  for  the  group  IIA 
dihaiides,  and  confirm  the  highly  efficient  R3BR  mechanism 
for  their  formation. 

EXPERIMENT 

Sources 

The  multiple  collision  studies  outlined  here  were  carried 
out  in  an  entrainment  device  similar  to  that  used 
previously.^’*  The  Group  IIA  metals  calcium,  strontium,  and 
barium,  were  vs^rized  from  specially  designed  and  capped 
c.s.  grade  graphite  crucibles  at  temperatures  between  900  and 
1200  K  producing  a  vapor  pressure  between  10“^  and  10"  * 
Tort  for  most  of  the  experiments  considered  in  the  present 
study.  The  crucibles  were  machined  to  fit  inside  a  commer¬ 
cial  tungsten  basket  heater  (R.  D.  Mathis,  Long  Beach,  CA) 
which  was  lightly  wrapped  with  zirconia  cloth  (Zircar  Prod¬ 
ucts,  Florida,  NY).  The  Group  IIA  metal  flux  was  entrained 
in  a  helium  (Holox  99.998%)  or  argon  (Holox  99.99%) 
buffer  gas  and  transported  to  the  reaction  zone.  At  a  suitable 
point  above  the  flow  the  halogen  molecule  oxidants  inter¬ 
sected  the  entrained  group  IIA  metals,  entering  from  a  con- 
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Gde  6t  3f.:  Long-range  collision  complex  stabilization 
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FIG.  1.  SrBr^+SrBr  muUiple  collision  chemiluminescent  spectrum  taken  at 
a  resolution  of  10  A.  Formation  of  the  di-  and  monobromide  resulu  from  the 
reactive  process  Sr+BfjlJfSrBrJ-SrBrj  +  ky,  or  SrBr+Br+/i»^2  at  a 
background  helium  pressure  of  0.8- 1.2  Torr.  The  dihalide  4— X,  B-X,  and 
C-X  emission  regions  (see  Table  I)  are  indicated  in  the  figure.  The  near 
single  collision  SrBr.  spectrum  (dashed  line)  U  included  for  comparison. 
See  the  text  for  discussion. 


centric  ring  injector  inlet.  Typical  operating  pressures  ranged 
from  10  to  80  mTorr  of  oxidant  and  between  I  and  2  Torr  of 
helium  buffer  gas. 

"Detection  eyetems  and  laser  Induced  fluorescence 
studies” 

Both  chemiluminescent  and  laser  induced  fluorescent 
techniques’  were  used  to  monitor  reaction  products  in  the 
multiple  collision  pressure  regime.  The  chemiluminescence 
for  the  reactions  of  interest  was  monitored  at  right  angles  to 
the  metal  flow.  Spectral  emissions  were  dispersed  with  a  1  m 
Spex  scanning  monochromator  operated  in  first  order  with  a 
Bausch  and  Lomb  1200  groove/mm  grating  blazed  at  5000 
A.  Either  RCA  1P28  or  4840  photomultipliers  or  a  dry  ice 
cooled  EMI  9808  photomultiplier  tube  was  used  to  detect  the 
dispersed  fluorescence  and  provide  a  signal  for  either  a  Kei- 
thley  417  fast  picoammeter  or  a  417  autoranging  picoamme- 
ter.  The  output  signal  from  the  picoammeters  was  then  sent 
either  to  a  Hewlett  Packard  chart  recorder  or  to  a  personal 
computer  for  storage  and  subsequent  analysis.  All  sp«ctra 
were  wavelength  calibrated  with  a  mercury  arc  Imp  or 
with  respect  to  .group  HA  metal  atomic  emissions. 

In  order  to  cany  out  the  laser-induced  fluorescence  (LIF) 
experiments,  the  second  hanhonic  of  a  Quanu-ray  Nd:YAG 
laser  (0.53  m)  was  used  to  pump  a  Spectra-Physics  PDL-3 
pulsed  tunable  dye  laser  system  operated  with  DCM  or 
LDS698  dye.  The  output  of  the  pulsed  dye  laser  (with  a 
linewidth  of  0.07  cm"'  and  a  pulsewidth  of  9  ns)  was  then 
either  mixed  with  the  fundamental  output  of  the  YAG  laser 
or  frequency  doubled  in  a  frequency  mixer  (Quanta-Ray 
WEX-1)  to  produce  uv  (in  the  range  310-410  nm)  coherent 
radiation. 

The  laser  beam  was  introduced  to  the  reaction  chamber 
in  a  direction  perpendicular  to  both  the  reactant  flow  and 
detector.  The  YAG  laser  was  triggered  by  a  digiul  pulse 
generator  (SRS  DG535)  with  a  repetition  rate  of  15  Hz.  The 
Q-switching  signal  of  the  YAG  oscillator  was  used  to  trigger 
a  boxcar  integrator  (SRS  SR250)  for  better  synchronization. 


The  fluorescence  induced  by  the  uv  laser  pulse  was  collected 
with  an  RCA  1P28  photomultiplier  (2.2  ns  rise  time)  and. 
through  a  fast  preamplifier  (CLC  100  Video  Amplifier,  500 
MHz),  sent  to  the  gated  integrator  to  record  the  spectrum  as 
a  function  of  the  laser  frequency.  A  fast  digital  oscilloscope 
(HP  541 1  ID,  0.7  ns  rise  time)  was  used  to  real  time  monitor 
and  record  the  fluorescence  decay.  The  integration  gate  was 
set  to  a  proper  width  in  the  range  from  20  to  300  ns,  dictated 
by  the  nature  of  the  monitored  fluorescence  decay,  with  a 
delay  timed  such  that  the  gate  opened  just  after  the  short 
laser  scattering  pulse,  thus  reducing  background  noise.  A  per¬ 
sonal  computer  (PC)  drove  the  dye  laser  stepper  motor,  scan¬ 
ning  the  dye  laser  frequency  and  acquiring  the  averaged  out¬ 
put  date  from  the  boxcar  synchronously.  In  order  to  achieve 
a  linear  scan  in  wavelength  when  the  dye  laser  frequency 


TABLE  I.  Vibronic  bands  observed  for  SiClj  in  the  dihaiide  A-X  transition 


region.* 


Band  number 
(see  Fig.  2) 

Wavelength 

(Angstroms) 

Frequency** 
(Vacuum  cm“*) 

A(Frcquency) 

(cm''‘) 

1 

4387 

22  788.2 

124 

2 

4411 

22  664.2 

117.5 

3 

4434 

22  546.7 

111.3 

4 

4456 

22  435.4 

120-2 

5 

4480 

22  315.2 

99.2 

6 

4500 

22  216.0 

117.8 

7 

4524 

22  098.2 

116.6 

8 

4548 

21  981.6 

115-4 

9 

4572 

21  866.2 

114.2 

10 

4596 

21  752.0 

113.0 

11 

4620 

21  639.0 

121.1 

12 

4646 

21  517.9 

119.7 

13 

4672 

21  398.2 

127.5 

14 

4700 

21  270.7 

117.0 

15 

4726 

21  153.7 

124.6 

16 

4754 

21  029.1 

123.2 

17 

4782 

20  905.9 

104.4 

18 

4806 

20  801.5 

119.0 

19 

4836 

20  672.5 

111.6 

20 

4862 

20  561.9 

121.9 

21 

4891 

20  440.0 

Tabic  lU— Ref.  I  and  Fig.  2. 

frequencies  are  r5  cm’’.  Additional  poorly  resolved  features  to  shorter 
ind  longer  wavelength,  i  10  cm  . 
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was  mixed  with  the  infrared,  the  scan  step  size  of  the  dye 
laser  was  calculated  in  real  time  using  the  PC.  The  output 
frequency  of  the  WEX-l  was  calibrated  using  aluminum 
atom  lines. 

MULTIPLE  COLLISION  RELAXED  DIHALIDE 
EMISSION  SYSTEMS 

A  successful  and  controlled  extension  from  the  near 
single  collision  pressure  regime  to  the  multiple  collision  con¬ 
dition,  using  primarily  helium  buffer  gas  entrainment,  pro¬ 
vides  the  means  to  collisionally  relax  the  dihalide  continuum 
so  as  to  reveal  what  appear  to  be  three  discrete  band  systems. 
We  obtain  the  first  clear  indication  that  the  low  pressure  con- 
tinua  correspond  to  a  profound  rotational  excitation  associ¬ 
ated  with  bound  excited  state  levels  and  not  with  the  free- 
bound  transition  of  a  very  weakly  bound  dihalide  excited 
state.**  The  overview  spectrum  depicted  in  Fig.  1  for  the 
Sr+Br2  reaction  combination  is  exemplary.  From  the  figure, 
it  is  apparent  that  collisional  relaxation  produces  a  collapse 
in  the  wings  of  the  near  single  collision  SrBr2  dihalide  con¬ 
tinuum,  analogous  to  that  noted  previously  for  BaC]2/  and 
leads  to  the  observed  relaxed  spectrum  in  Fig.  1. 

In  the  SrBr2  overview  spectrum,  the  lower  energy  sys¬ 
tem  (feature),  which  extends  from  the  fringes  of  the  ultravio¬ 
let  through  the  visible,  is  dominated  by  a  long  progression  in 
the  bending  mode  of  the  SrX2  complex.  This  is  clearly  ap¬ 
parent  in  the  S1CI2  emission  spectrum  depicted  in  Fig.  2. 
The  observed  feature,  cauloged  in  Table  I,  would  appear  to 
correspond  to  the  analog  of  the  1)) 

— ►X  *A  i((  lfl2)^(^^2)^)  transition  in  BeF2  correlating  in  lin¬ 
ear  configuration  to  a  *11^-  *2^  transition  involving  and 

molecular  orbitals.  For  all  of  the  reactive  combinations 
studied  thus  far,  we  find  that  both  group  IIA  metal  and  halo¬ 
gen  molecule  collisions  very  effectively  quench  this  feature, 
a  fact  which  is  not  surprising  in  view  of  the  anticipated 
longer  lifetime  (T^i*tive^  s)  for  the  excited  state  emitter. 

The  more  clearly  resolved,  higher  energy,  B-X  band 
system  depicted  in  Fig.  1  is  displayed  in  greater  detail  for  the 
Sr+Cl2,  Sr+Br2,  and  Sr+ICl  reactive  encounters  in  Figs. 
3-5,  (cataloged  in  Table  II).*  A  weaker,  higher  energy,  C-X 
emission  system  which  appears  energetically  accessible  only 
to  the  Sr+Cl2,  Br2,  and  ICl  reactions  is  displayed  in  greater 
detail  in  Fig.  6.  The  B-X  and  C-X  band  systems  for  SrCl2 
and  SrBr2  would  seem  to  correspond  to  the  analogs  of  the 
electric  dipole  allowed  ^B2(--{\a2){^b2)^(2bx)  and 
"•{\a2)^{^b2)(2bx))—X  ^Ax  transitions  in  BeF2  (Table 
III — Ref.  1)  which  correlate  in  linear  configuration  to  the 
allowed  *2^- *2^  transition  involving  the  and  ir^  mo¬ 
lecular  orbitals  of  the  linear  dihaJide.  This  transition,  which 
in  adsorption  involves  primarily  a  change  from  M-X  (M-X 
and  M-Y  for  SrlCl)  nonbonding  to  M-X  antibonding  char¬ 
acter,  should  be  dominated  by  progressions  in  the  MX2  (or 
MXY  for  SrlCl)  stretching  mt^es.  The  frequency  separations 
between  the  observed  features  are  consistent  with  moderate 
progressions  in  the  dihalide  stretching  modes  in  agreement 
with  this  suggestion. 

The  tentative  assignments  which  we  give  for  the  A-X, 
B-X,  and  C-X  emission  band  systems  are  all  consistent 
with  the  lowest  electric  dipole  allowed  transitions  associated 


FIG.  2.  Multiple  collision  chemiluminescent  spectnim  for  SrCK  in  the  di¬ 
haJide  4 -X  emission  region  (see  Table  lU — Ref.  I)  taJeen  at  a  resolution  of 
10  A.  The  emission  corresponds  to  a  long  progression  m  the  dihalide  bend¬ 
ing  mode.  The  dihalide  emitter  is  formed  via  a  collisionally  stabilized 
Sr+Clj^SrCIJ  reactive  encounter  The  helium  gas  baclcground  pressure 
ranges  from  0.8  to  1.2  Torr.  The  labeled  emission  features  are  cataloged  in 
Table  U.  See  the  text  for  discussion. 


with  the  group  IIA  dihalide  correlation  diagram.  We  favor 
these  assignments  over  possible  vibronically  allowed  transi¬ 
tions  since  we  find  little  evidence  for  alternating  intensity 
patterns  associated  with  the  dihalide  asymmetric  stretching 
mode.*  However,  it  is  to  be  noted  that  there  may  be  evidence 
for  Fermi  resonances  in  the  observed  emission  patterns.  This 
possibility  is  now  the  subject  of  further  study.*’ 

SUPPORT  FOR  A  COLLISIONALLY  STABILIZED 
DIHALIDE  COMPLEX 

The  energetics  of  metal  monohailde  formation 

We  have  suggested*  that  (1)  the  periodicity  of  group  IIA 
dihalide  formation,  (2)  the  lack  of  a  dihuoride  emission  as¬ 
sociated  with  the  calcium,  strontium,  and  barium  systems, 
and  (3)  the  symmetry  effects  which  are  manifest  in  the  mixed 
verses  homonuclear  halogen  molecule  reactions  all  support 
the  validity  of  a  collisional  stabilization  mechanism  and  cast 
doubt  on  a  two  step  harpooning  mechanism  for  the  formation 
of  the  dihalide  emitter.  The  ability  to  relax  while  not  quench¬ 
ing  the  near  single  collision  dihalide  emission  continua,  re¬ 
vealing  discrete  emission  features,  provides  a  means  for  sup¬ 
porting  these  conclusions. 

The  results  we  obtain  in  a  comparative  study  of  the 
Sr-Cl2,  Sr-Br2,  and  Sr- ICl  systems  (Fig.  7)  and  in  a  study 
of  the  mixed  Sr-Br2+Cl2  system  (Fig.  8)  are  significant  for 
they  demonstrate  that  the  observed  dihalide  emission  results, 
in  large  part,  from  a  collisional  stabilization  process.  If  diha¬ 
lide  formation  occurs  via  the  two  step  double  harpooning 
mechanism  strongly  suggested  by  Menzinger'^  and  others 
the  combination  of  Sr-ICl  and  SrX-ICl  reactive  encounters 
should  produce  SrCU^  SrICI,  and  SrU  emission  with  the 
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FIG.  3.  Multiple  collision  chemiluminescent  spectrum  for  SrCl2  in  the  di¬ 
halide  B-X  emission  region  (see  Table  in — Ref.  1)  taken  at  a  resolution  of 
10  A.  The  dihalide  emitter  is  formed  via  a  collisionally  stabilized 
Sr'^Cl2!!fSr02  reactive  encounter.  The  helium  background  gas  pressure 
ranges  from  0.8  to  1.2  Torr.  The  spectrum  appears  to  be  dominated  by 
dihalide  stretching  modes.  The  labeled  emission  features  are  cataloged  in 
Table  II.  See  the  text  for  discussion. 

Strong  possibility  that  the  dichloride  emission  dominates  that 
for  the  mixed  halide  and  Srl2.  If  the  collisional  stabilization 
mechanism  is  operative,  the  observed  emission  spectrum  will 
correspond  to  the  SrlCl  complex  formed  in  a  dynamically 
constrained  electron  jump  process. 

The  reactions  of  strontium  with  Cl2+Br2  mixtures  of 
varying  relative  chlorine  and  bromine  concentration  should 
produce  emission  from  SrCl2,  SrBiCl,  and  SrBr2  (Table  ID) 
if  the  two  step  double  harpooning  mechanism  is  operative.  If 
the  highly  efficient  R3BR  collisional  stabilization  process  is 
operative,  the  observed  spectra  should  consist  of  the  sum  of 
only  SrCl2  and  SrBr2  emission  features,  varying  with  the 
relative  CI2  and  Br2  concentration. 

A  study  of  the  Sr-ICl  reaction,  with  its  attendant  sym¬ 
metry  based  dynamic  constraint,^  must  be  cautiously  pursued 
for  SrCl  molecules  with  moderate  vibrational  excitation,  pro- 
duced  from  the  relaxation  of  rapidly  emitting  SrCl  electroni- 


FIG.  4.  Multiple  collision  chemiluminescent  spectrum  for  SrBr2  in  the  di¬ 
halide  a-X  emission  region  (see  Table  ID — Ref.  1)  taken  at  a  resolution  of 
10  A.  The  dihalide  emitter  is  formed  via  a  collisionally  stabilized 
Sr+Br2!?SrBr2  reactive  encounter.  The  helium  background  gas  pressure 
ranges  from  0.8  to  1.2  Torr.  The  spectrum  appears  to  be  dominated  by 
dihalide  stretching  modes.  The  labeled  emission  features  are  cataloged  in 
Table  11.  Sec  the  text  for  discussion. 


RG.  5.  Multiple  collision  chemiluminescent  spectrum  for  SrlCl  in  the  di¬ 
halide  B-X  emission  region  (see  Table  III — Ref.  1)  taken  at  a  resolution  of 
10  A.  The  dominant  dihalide  emitter  is  formed  via  a  collisionally  stabilized 
Sr+iaUf SrlCl*  reactive  encounter  (some  SiCl*  contamination  is  also  evi¬ 
dent  due  to  the  SrO+ia-*SiO*+I  reaction).  The  helium  background  gas 
pressure  ranges  firom  0.8  to  1.2  Torr.  The  spectrum  appears  to  be  dominated 
by  dihalide  stretching  modes.  The  labeled  emission  features  are  cataloged  in 
Table  n.  Sec  the  text  for  discussion. 


cally  excited  products^  can  react  with  IQ  in  a  sufficiently 
exothermic  process  to  produce  SrCl2  emission  features.  In 
fact,  under  certain  conditions,  the  observed  spectra]  signature 
for  the  Sr-ICl  reaction  can  be  contaminated  by  SrCl2  emit¬ 
ters  (both  A-X  and  B-X  systems)  formed  via  the  re^tion  of 
a  nearly  thermalized  ground  state  SrQ  product  with  ICl. 

It  is  relevant  that  we  choose  to  evaluate  the  ultraviolet 
spectra  in  the  B-X  region  corresponding  to  one  of  the 
strongly  allowed  SrX2  *B2-X  *  A  |  transitions.  The  band  sys¬ 
tems  in  this  region  should  display  a  minimal  difference  be¬ 
tween  the  transition  moments  for  the  SrX2  (X=C1,  Br)  and 
corresponding  SrXY  (XY=IQ)  emitters.  In  monitoring  the 
Sr-ICl  reaction,  we  observe  a  dominant  emission  corre¬ 
sponding  to  the  SrIQ  complex  both  in  the  B-X  region  (Figs. 
5  and  7)  and  at  higher  energies  corresponding  to  a  C-X  band 
system  (Fig.  6)  which  can  be  easily  populated  by  the  more 
exothermic  ICl  reaction.  The  spectrum  in  Fig.  7  does  show 
some  S1CI2  contamination  at  the  higher  temperatures  (higher 
Sr  flux)  over  which  the  three  spectra  in  the  figure  were  ob¬ 
tained.  However,  the  dominance  of  the  SrlCl  emission  sys¬ 
tem,  especially  as  it  results  from  a  symmetry  constrained 
process,  is  clearly  £^parent.  This  dominance  signals  the  for¬ 
mation  of  SrlCl  in  a  collisionally  stabilized  reactive  encoun¬ 
ter  (R3BR)  where  the  formed  excited  state  complex  is  stabi¬ 
lized  by  a  long  range  interaction  with  a  second  ICl  molecule. 

The  collage  of  dihalide  spectra  in  Fig.  8,  which  have 
been  obtained  for  varying  mixtures  of  Br2  and  CI2,  corre¬ 
spond  to  sums  of  emission  features  resulting  exclusively 
from  the  dichloride  and  dibromide  with  no  evidence  for  the 
mixed  halogen  (SrBrCl)  emitter.  This  represents  a  strong 
confirmation  of  the  highly  efficient  collisional  stabilization 
mechanism.  The  comparison  which  we  make  is  based  prima¬ 
rily  on  the  B-X  stretching  mode  region,  again  avoiding  the 
possibility  of  comparing  transitions  with  distinctly  different 
oscillator  strengths  in  the  A-X  emission  region.  We  also 
note  that  the  formation  of  an  SrBrCl  emitter  should  lead  to  a 
stronger  A-X  emission  feature  compared  to  those  for  SrCI^ 
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TABLE  U.  Vibronic  bands  observed  for  SrXj.  SrXY  (X 
dihalide  B-X  transition  region.' 

=C13r;  Y=I)  in  the 

Molecule 

Wavelength 

Frequency^ 

A(FrcQuency) 

band  number 

(Angstroms) 

(Vacuum  cm"') 

(cm"') 

SrCl:  (Fig.  3) 

1 

3687 

27  114.6 

204.4 

2 

3715 

26  910.2 

251.1 

3 

3750 

26  659. 1 

225.6 

4 

3782 

26433.5 

249.2 

5 

3818 

26  184.3 

84.9 

6 

(3831) 

26  099.4 

146.2 

7 

3852 

25  953.2 

319.4 

8 

3900 

25  633.8 

150.3 

9 

3923 

25  483.5 

110 

10 

3940 

25  373.5 

153.6 

11 

3964 

25  219.9 

189.4 

12 

3994 

25  030.5 

130.9 

13 

4015 

24  899.6 

'  141.9 

14 

4038 

24  757.7 

230.8 

15 

4076 

24  526.9 

244.2 

16 

4117 

24  282.7 

227.9 

17 

4156 

24  054.8 

229.3 

18 

4196 

23  825.5 

208.3 

19 

4233 

23  617.2 

232.0 

20 

4275 

23  385.2 

232.8 

21 

4318 

23  152.4 

SrBf:  (Fig.  4) 

1 

3873 

25  812.5 

165.6 

2 

3898 

25  646.9 

46.0 

3 

(3905) 

25  600.9 

149.0 

4 

3928 

25  451.0 

199.2 

5 

3959 

25  251.8 

139.6 

6 

3981 

25  II2.2 

225.0 

7 

4017 

24  887.2 

196.7 

8 

4049 

24  690.5 

133.4 

9 

4071 

24  557.1 

167.8 

10 

4099 

24  389.3 

59.3 

11 

4109 

24  330.0 

188.1 

TABLE  II.  {Continued.) 


Molecule 
band  number 

Wavelength 

(Angstroms) 

Frequency'’ 
(Vacuum  cm~‘) 

A(  Frequency) 
(cm"') 

12 

4141 

24  141.9 

116.0 

13 

4161 

24  025.9 

86.3 

14 

4176 

23  939,6 

85.7 

15 

4191 

23  853.9 

270.1 

16 

4239 

23  583.8 

187.6 

17 

4273 

23  396.2 

119.9 

18 

4295 

23  276.3 

75.6 

19 

4309 

23  200.7 

171.0 

20 

4341 

23  029.7 

168.5 

21 

Sria  (Fig.  5) 

4373 

22  861.2 

I 

4347 

22  997.9 

178.4 

2 

4381 

22  819.5 

186.0 

3 

4417 

22  6.13.5 

173.0 

4 

4451 

22  460.5 

160.2  ' 

5 

4483 

22  300.3 

108.9 

6 

4505 

22  191.4 

146.8 

7 

4535 

22  044.6 

125.7 

8 

4561 

21  918.9 

•Sec  Tabic  III — Ref.  i  and  Figs.  3,  4.  and  5. 
*Trequcncies  are  ±10  cm"'. 


and  SrBr2.  The  resultant  SrBrCl  emission  should  appear  ap¬ 
proximately  central  to  the  dichloride  and  dibromide  features 
in  the  three  intermediate  panels  of  Fig.  8.  We  find  no  evi¬ 
dence  for  this  emission. 

The  lack  of  an  SrBrCl  emission  feature  in  Fig.  8  would 
appear  to  be  especially  significant  when  we  note  that  the  sum 
of  both  SrCl  and  SrBr  emission  features  also  characterize  the 
monohalide  emissions  for  all  of  the  chlorine-bromine  mix¬ 
tures  [compare  to  Sr+CU  (top)  and  Sr+Brj  (bottom)]  de¬ 
picted  in  Fig.  8.  This  implies  that  both  SiCl  and  SrBr  are 
available  to  react  with  Br2  and  CU  to  produce  the  mixed 
SrBrCl  dthalide.  However,  the  fast  bimolecular 
Sr+X2— ►SrX+X  reactions  are  not  sufficiently  exothermic' 
to  populate  the  electronically  excited  states  of  SrCl  or  SrBr, 
Likewise,  a  collision  induced  transfer  from  the  high  vibra¬ 
tional  levels  of  the  ground  state  of  SrCl  or  SrBr,  to  form  the 
excited  state  emitters,  can  be  eliminated  as  a  possibility'^  in 
the  multiple  collision  environment  of  the  present  study  not 
only  on  energetic  grounds,  but  also  on  the  basis  of  an  ex¬ 
pected  thermalization  of  the  ground  state  rovibrational  distri¬ 
bution.  The  data  displayed  in  Figs.  9  and  10  correspond  to 
laser  induced  fluorescence  spectra  for  SrCl  and  SrBr  ob- 
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FIG.  6.  Collage  of  multiple  collision  chemiluminescent  emission  spectra  for 
SrCl2.  SrBr2,  and  SrlCl  in  the  dihalide  C-X  emission  region  (see  Table 
m— Ref.  I )  taken  at  resolutions  of  lO  A.  The  dihalide  emitters  were  formed 
via  the  collisionally  stabilized  Sr+Cl2.  Br2.  IQ^SrClJ «  SrBrJ  ,  SrIQ* 
reactive  encounters.  The  helium  background  gas  pressure  ranges  from  0.8  to 
1.2  Torr.  The  spectra  appear  to  be  dominated  by  dihaltde  stretching  modes 
although  some  evidence  for  short  bending  mode  progressions  may  be  mani¬ 
fest. 


taincd  using  a  Nd:YAG  pumped  dye  iaser  system.  Fits  to  the 
LIF  spectra,  exemplified  by  that  for  the  SrCl  C 
band  system  in  Fig.  11,  suggest  a  thermalized  distribution 
(Tvib'^^SO  K,  Trot  ^450  K)  among  the  lowest  vibrational 
levels  of  the  ground  electronic  state  of  the  monochloride  and 
monobromide.  As  the  LIF  spectra  are  taken  in  the  wave¬ 
length  regions  characterized  by  strong  dihalide  emission  they 
indicate  that  either  the  radiative  lifetimes  of  the  dihalide  ex¬ 
cited  states  are  considerably  longer  than  those  of  the  mono¬ 
halide  or  the  population  of  ground  state  dihalide  levels  is  not 
significant. 

We  find  a  close  interplay  between  the  growth  of  the 
metal  dihalide  and  metal  monohalide  emission  features  dis¬ 
played  in  Fig.  8.  The  considerable  increase  in  the  metal  di¬ 
halide  bond  energy  relative  to  that  of  the  monohalide,  com¬ 
bined  with  the  data  displayed  in  Figs.  9-11,  suggests  that 
electronically  excited  SrCl  and  SrBr  are  formed  via  the  dis¬ 
sociation  of  a  dihalide  complex  (see  following  discission). 

The  considerations  which  we  outline  demonstrate  the 
utility  of  extrapolating  near  single  collision  chemilumines¬ 
cence  studies  in  a  controlled  manner  to  the  multiple  collision 
pressure  regime.  This  allows  an  assessment  of  the  electron 
jump  process  which  leads  to  excited  state  dihalide  formation. 
The  results  obtained  under  multiple  collision  conditions  sup¬ 
port  the  conclusions  reached  in  the  analysis  of  the  low  pres¬ 
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FIG.  7.  Comparison  of  multiple  collision  chemiluminescent  spectra  for 
S1CI2,  SrBr2.  and  SrICI  in  the  dihalide  B-X  emission  region.  homo- 
and  heteronuclear  dihalide  emitters  are  formed  via  the  collisionally  subi- 
lized  Sr+a2'  ®*’2.  IQIJSiO*  .  SrBrJ  ,  SrlCl  reactive  encounters.  The  he¬ 
lium  pressure  ranges  from  0.8  to  1.2  Torr.  The  spectra  appear  to  be  domi¬ 
nated  by  short  progressions  in  the  dihalide  stretching  modes.  Note  also  Figs. 
3,  4,  and  5  and  Table  n.  See  the  text  for  discussion. 


sure  data  and  they  strongly  suggest  the  probability  that  an 
extremely  efficient  collisional  stabilization  mechanism  repre¬ 
sents  the  dominant  means  of  forming  the  dihalide  excited 
state.  This  conclusion  is  also  further  supported  by  the  lack  of 
a  continuum  emission  associated  with  the  fluorine  based  re¬ 
actions. 

DISCUSSION 

Relaxed  (discrete)  eniission  from  the  MXj  collision 
complex 

There  have  been  numerous  studies*^*^  of  the  group  IIA 
dihalides,  both  experimental  and  theoretical,  which  suggest 
the  ground  state  vibrational  frequency  ranges  summarized  in 
Table  IV  for  the  SrCl2  StBt2  molecules.  There  are  sev¬ 
eral  comparisons  which  can  be  made  with  the  data  of  Table 

rv. 

It  is  apparent,  as  we  have  suggested  previously,  that  the 
SrCl2  and  SrBr2  B-X  (Table  II)  and  C-X  band  systems, 
which  most  likely  involve  a  change  from  M-X  nonbonding 
to  M-X  antibonding  character,  arc  dominated  by  progres¬ 
sions  in  the  stretching  modes  of  the  dihalide.  A  precise  inter¬ 
pretation  of  the  level  structure  for  these  systems  must  con¬ 
sider  higher  order  interactions  including  Fermi  resonances 
and  possible  vibronic  couplings,  although  the  latter  do  not 
appear  to  be  strongly  manifest  in  the  observed  emission  fea- 
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FIG.  8.  (a)  Collage  of  multiple  colliston  chemiluminescent  emission  spectra  for  reactive  mixtures  of  strontium  metal  and  varying  relative  concentrations  of 
CI2  and  Br2  reactants.  The  spectra  correspond  to  the  sum  of  metal  dihalide  and  metal  monohalide  emitters.  The  dihalide  emission  features  represent 
combinations  of  only  SrCl2  and  SrBr2  emitten  with  no  evidence  obtained  for  SrBrCl  emission  (see  Table  ID).  The  monohalide  emission  features  represent 
combinations  of  SrCl  and  SrBr  formed  via  the  coliisionally  stabilized  process  Sr’»'X2!!rSrX2!!rSrX*+X  where  the  dihalide  is  formed  as  a  precursor  interme¬ 
diate  to  the  monohalide.  (b)  Closeup  of  inner  three  panels  in  (a).  See  the  text  for  discussion. 

TABLE  ni.  Mechanisms  for  mixed  02+Br2  reactions  with  strontium  metal. 


Cures.  Of  equal  importance  may  be  the  dynamics  of  the  form¬ 
ing  emitting  complex  and  its  relation  to  the  molecular  elec¬ 
tronic  structure  of  that  dihalide  state  in  which  it  is  formed. 

The  resolved  features  for  the  SrCl2  A-X  band  system  in 
Fig.  2  are  certainly  consistent  with  a  long  progression  in  the 
bending  mode  of  the  StCU  emitter.  However,  the  observed 
frequency  separations  for  this  readily  quenched  emission  fea¬ 
ture,  which  are  on  the  order  of  110-120  cm”'  (Table  I), 


Collisional  stabilization  mechanism 
xSr +02 + Br2-»SfCl2 + SrBrj 
Two  step  harpooning  mechanism 
Sr +02  -  SfCl+O 
SK:i+Br2  SfClBr+Br 
Sr+Br2  — »  SrBr+Br 
SrBr+Clj  -  SrBiCl+O 
SiCl+CU  SrCU 
SrBr+Br2  SrBr^ 
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considerably  exceed  the  bending  mode  frequency  for  the  IIA 
dihalide,  measured  as  ~44  cm“  in  rare  gas  matrices  (cal¬ 
culated  to  be  between  13  and  27  cm~V^'^^-  The  observed 
features  cannot  be  attributed  to  a  dihalide  stretching  mode.  A 
series  of  relaxation  studies  suggest  that  the  features  associ¬ 
ated  with  the  A-X  emission  system  correspond  primarily  to 
a  progression  in  the  ground  state  vibrational  level  structure 
associated  with  an  emitting  complex.  The  ease  with  which 
this  band  system  is  quenched  is  consistent  with  its  antici¬ 
pated  long  lifetime,*’^  and  with  previous  studies  of  the 
chemiluminescent  emission  from  long-lived  excited  elec¬ 
tronic  states  in  that  the  relaxed  emission  appears  localized  to 
the  lowest  vibrational  levels  of  the  upper  electronic  state. 

We  suggest  that  the  apparent  discrepancy  between  the 
determined  frequency  separations  and  the  anticipated  diha¬ 
lide  bending  mode  frequency  may  reflect  the  remnants  of 
bonding  between  the  two  chlorine  atoms  substantially  in¬ 
creasing  the  frequency  of  the  vibrational  mode  correspond¬ 
ing  to  the  bending  vibration.  The  observed  A -X  band  system 
may  correspond  to  emission  from  an  intermediate  complex 
formed  via  the  approach  of  strontium  to  CI2,  viz., 

Cl 

Sr*  1  .  I 

Cl 

Sr  I  Ground  itnto  +  hv, 

""^Cl 

The  emitting  complex  would  appear  to  correlate  with  a  local 
minimum  on  the  SrCl2  potential  surface^^’^"^  which  corre¬ 
sponds  to  an  incomplete  rearrangement  to  the  final  product 
dihalide. 

If  we  have  observed  emission  from  a  highly  bent  inter- 
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FIG.  10.  Laser  induced  fluorescence  spectrum  for  SrBr  obtained  by  pump¬ 
ing  ground  state  SrBr  to  the  SrBr  C  ^11  state.  The  range  of  the  laser  induced 
fluorescent  scan  is  correlated  with  a  portion  of  the  SrBr,  chemiluminescent 
emission  in  the  B-X  region  as  indicated  in  the  inset  of  the  figure.  All 
features  in  the  LIF  spectrum  are  to  be  associated  with  the  monobromidc 
suggesting  a  much  higher  oscillator  strength  for  the  monobromide  versus  the 
dibromidc  B-X  (Table  II)  transitions.  Note  also  Fig.  4  and  Table  II.  See  the 
text  for  discussion. 

symmetric  stretch,  both  of  which  greatly  exceed  the  bending 
mode.  A  preliminary  normal  mode  analysis  can  be  used  to 
suggest  that,  as  the  dihalide  bends  to  angles  smaller  than  the 
equilibrium  bond  angle,  its  symmetric  stretch  frequency  in¬ 
creases  as  the  asymmetric  stretch  frequency  decreases. Be¬ 
cause  the  symmetric  stretch  frequency  can  approach  and  ex¬ 
ceed  the  asymmetric  stretch  frequency  for  an  SrCl2  complex 
formed  as  a  local  minimum  on  the  Sr-Cl2  reaction  surface, 
the  analysis  of  the  observed  features  associated  with  the 
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TABLE  IV  Ground  sutc  vibrational  frequencies  for  SfClj,  SrBr2. 


E>ihalide  (vibrational  mode) 

Vibrational  frequencies  (cm“') 

SfClj 

(-1) 

251.*  256.'’ 270' 

19.*  20."  44“ 

(•*>) 

337,*  307,'’  yXf 

SrBr2 

(•-i) 

160.*  152.*  I5r 

13.*  11."  37* 

267,*  242,*  263.'  223-269* 

*References  16,  18-22. 

^ference  17. 

®M.  W.  Chase,  C.  A,  Davies.  J.  R.  Downey,  Jr,  D.  J.  Frurip,  R.  A.  Mc¬ 
Donald,  and  A.  N.  Syverd,  JANAF  Thermochemical  Tables.  J.  Phys.  Chem. 
Ref.  Dau  14  (1985).  Suppl.  No.  1. 

^feience  18. 


B-X  and  C-X  emission  systems  becomes  more  complex.  In 
fact,  the  nature  of  the  bonding  in  those  excited  states  formed 
in  reaction  may  also  strongly  influence  the  formation  of  the 
dihalide  in  one  or  more  local  minima  which  subsequently 
emit  radiation.  These  considerations  are  the  subject  of  ongo> 
ing  collaborative  study. 

‘‘Bond  onorgy  dotormlnatlons’* 

The  formation  of  a  long-lived  dihalide  complex  via  the 
reaction  of  group  IIA  metals  with  chlorine,  bromine,  and 
iodine  also  may  have  implications  for  the  determination  of 
bond  energies  using  chemiluminescent  techniques.^^ 

The  population  of  the  electronically  excited  states  of 
SrCl  and  SrBr  from  the  Sr-Cl2  and  Sr-Br2  reactions  (Figs.  1 
and  8)  at  first  seems  puzzling  until  we  note  the  strong  syn¬ 
ergism  between  the  development  of  the  dihalide  emission 
features  and  the  subsequent  increase  in  intensity  of  the 
monohalide  emission  features.  We  also  realize  that  the  exo- 
thermicity  of  a  reactive  process  forming  the  dihalide  pro¬ 
vides  sufficient  energy  to  produce  the  excited  states  of  the 
monohalide  via  a  dissociative  process.  For  example,  under 
multiple  collision  conditions,  the  exothermicity  of  the  reac¬ 
tion 

Sr-i-Cl2— SrCl+Cl  (1) 

given  closely  by  the  difference  in  the  SiCl  and  CI2 
molecule^^  bond  energies  is  39.8  kcal/mol  (-13  920  cm**).* 
This  is  not  a  sufficient  energy  to  produce  the  monochloridc 
emission  recorded  in  Fig.  8.  The  energy  available  through  the 
process 

Sr+Cl2-^SrCl?“^SrCP+a  (2) 

corresponds  closely  to  an  increment  of  order  49.3  kcal/ 
mol  [—17  243  cm“*  =  l/2  AE(SrCl2)-*Z)o(Cl2)^^]  where 
AE(SrX2)  is  the  dihalide  atomization  energy.*  The  significant 
differential  in  energy  which  can  be  manifest  to  pump  elec¬ 
tronically  excited  monohalide  states  results  from  a  substan¬ 
tially  larger  dihalide  bond  energy.  For  the  Sr-Br2  system,  the 
energetics*  yield  33.5  kcal/mol  (-11  717  cm**)  and  of  order 
49  kcal/mol  (—22  600  cm"*)  for  direct  metal  monohalide 
formation  and  dihalide  complex  dissociation,  respectively. 

The  considerations  above  might  account  for  the  predic¬ 
tion  of  bond  energies  significantly  higher  than  those  deter¬ 


mined  from  mass  spectrometry*^  as  one  uses  chemilumines¬ 
cent  techniques  to  evaluate  the  chlorides,  bromides,  and 
iodides.  In  contrast,  the  bond  energies  determined  for  the 
calcium,  strontium,  and  barium  fluorides,  evaluated  from  di¬ 
rect  fluorine  molecule  reactions  which  arc  believed  not  to 
proceed  through  a  long-lived  complex,  are  in  good  agree¬ 
ment  with  those  obtained  from  mass  spectroscopy.^^ 

“Kinetics  of  formation  of  the  dihalide  complex’* 

Based  on  the  combination  of  observations  made  under 
both  single*  and  multiple  collision  conditions,  the  pressure 
dependent  behavior  monitored  under  near  single  collision 
conditions  is  indicative  of  the  formation  of  a  readily  stabi¬ 
lized  group  IIA  dihalide  complex  of  some  considerable  spa¬ 
tial  extent.  A  kinetic  sequence  consistent  with  both  the  single 
and  multiple  collision  data  is 


M+X2-*MXJ^ 

(3) 

MXj^  +  e^MXj. 

(4) 

MXj^-^MX+XJSI+Xi, 

(5) 

MXJ-*MX+X, 

(6) 

MXj->MX2  +  /ri/. 

(7) 

where  MX? ^  represents  the  nascent  dihalide  formed  in  reac¬ 
tion  and  MX*  the  collisionally  stabilized  complex. 

The  potential  energy  along  the  reaction  coordinate  for  ^ 
general  M+X2-^MX2^  association  process  certainly  re¬ 
quires  that  the  complexes  formed  via  reaction  (3)  must  pos¬ 
sess  low  excess  energy  and/or  high  angular  momentum  in 
order  to  survive  long  enough  to  emit  a  photon  or  suffer  a 
stabilizing  collision.  We  suggest  that  these  criteria  may  in¬ 
deed  be  fulfilled  for  the  group  IIA  dihalides  as  they  may  also 
be  for  many  other  high  temperature  constituents. 

A  comparison  of  the  near  single  collision  and  multiple 
collision  spectra  for  the  dihalides  suggests  that  a  profound 
rotational  excitation  may  play  an  important  role  in  the  obser¬ 
vation  of  the  near  continuous  emission  observed  in  a  beam- 
gas  environment.  The  energy  of  the  overall  rotation  for  the 
complex 

En-‘h\J){J+\)l2i,  (8) 

where  J  is  the  total  angular  momentum  quantum  number  and 
/  is  the  average  moment  of  inertia,  does  not  contribute  to  the 
nonfixed  energy  that  facilitates  the  decay  of  the  complex  via 
a  return  through  the  M+X2  entrance  channel.  Therefore,  the 
funneling  of  energy  into  rotation  may  represent  an  important 
aspect  of  the  observed  behavior  for  these  systems,  lengthen¬ 
ing  the  complex  lifetime  and  enhancing  the  possibility  for 
stabilization. 

The  impxjrtance  of  a  stabilized  long-lived  MX?  interme¬ 
diate  complex  is  certainly  evidenced  in  the  chlorine,  bro¬ 
mine,  and  iodine  systems  where  it  can  lead  to  an  enhanced 
excitation  of  the  metal  monohalide  over  and  above  that 
which  would  be  obtained  in  a  direct  fast  bimolecular  reactive 
encounter  (metal  monofluoride  formation).  Because  the  diha¬ 
lide  atomization  energy  more  than  doubles  the  metal  mono¬ 
halide  bond  energy,  the  conditions  exist  which  we  believe 
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also  facilitate  complex  formation  and  stabilization.  It  is  rel¬ 
evant  that  these  conditions  may  also  be  present  in  several 
other  high  temperature  systems. 

The  observation  of  an  R3BR  process  at  pressures  as  low 
as  I X 10*^  Ton  is  surprising.^*^  A  steady  state  treatment  of 
the  mechanism  [Eqs.  (3)-(7)]  gives  an  expression  for  the 
chemiluminescence  signal  as  a  function  of  X2  density 
(X2=Q)  which  can  be  shown^®’^*  to  be  consistent  with 
a  significant  stabilization  cross  section  of  order,  <75 
••3000-5000  A^,  and  a  long  excited  state  radiative  lifetime 
(r-10’^  s).  A  long  radiative  lifetime  can  be  consistent  with 
the  group  OA  dihalide  A-X  transition  region  (Table  I  and 
previous  discussion).  However,  it  is  to  be  emphasized  that  in 
i  employing  comparisons  of  the  group  QA  dihalide  B-X  emis- 
^6ion  region  to  demonstrate  strong  evidence  for  the  formation 
of  the  dihalides  in  a  collisionally  stabilized  reactive  encoun¬ 
ter  (R3BR),  we  have  considered  transitions  which  are  elec¬ 
tric  dipole  allowed  in  both  absorption  and  emission.  These 
allowed  transitions  should  be  characterized  by  radiative  life¬ 
times  much  shorter  than  10“^  s.  The  collisional  stabilization 
mechanism  [Eqs.  (3)-(7)],  within  an  RRKM  framewoiic,  re¬ 
quires  a  radiative  lifetime  well  in  excess  of  10“^  s^  in  order 
that  emission  from  the  complex  compete  favorably  with  ex¬ 
cited  state  dihalide  loss  mechanisms.  However,  the  colli¬ 
sional  stabilization  process  would  appear  to  be  operative  for 
much  shorter  lived  excited  states.  If  we  eliminate  the  require¬ 
ment  of  a  long-lived  electronic  state,  this  implies  a  consider¬ 
ably  larger  stabilization  cross  section  than  that  conceived  by 
Wren  and  Menzinger^  and  an  extremely  long  range  interac¬ 
tion  involving  group  QA  dihalide  excited  states  and  their 
relaxing  collision  partner.  It  is  clear  that  the  stabilization  pro¬ 
cess  competes  favorably  with  unimolecular  decomposition 
for  which  RRKM  calculations  suggest  a  unimolecular  life¬ 
time  (averaged  over  the  distribution  of  energy  and  angular 
momentum)  on  the  order  of  r^-^10“’ s. 

A  large  stabilization  cross  section  provides  the  route  for 
dissipating  the  energy  increments^  which  must  be  funneled 
from  the  freshly  forming  Group  HA  MX2  complex.  The  fa¬ 
cilitating  inelastic  events  may  not  be  surprising  in  view  of 
the  high  level  density  and  large  geometrical  cross  section 
presented  by  the  strongly  vibrating  complex.  The  present 
studies,  strongly  dependent  on  the  effective  transfer  of  en¬ 
ergy.  suggest  that  the  configuration  space  associated  with 
collisional  stabilization  and  energy  transfer  far  exceeds  that 
which  would  be  associated  with  rotadonally  averaged  hard 
sphere  collision  cross  sections.  This,  of  course,  raises  the 
question  of  whether  association  processes  in  these  systems 
can  be  treated  in  a  satisfactory  fashion  employing  some  vari¬ 
ant  of  unimolecular  rate  theory.^^  The  key  question  must  be 
whether  dissociative  processes,  well  characterized  by  RRKM 
theory,  or  highly  efficient  energy  transfer  dominates  the  sys¬ 
tem.  The  present  results,  in  conjunction  with  the  highly  effi¬ 
cient  V-£  and  £-£  transfers  characterizing  high  tempera¬ 
ture  molecules  in  general,^  would  suggest  that  it  is 
appropriate  to  consider  the  expansion  of  small  molecule  con¬ 
figuration  space  to  account  for  a  significantly  enhanced  en¬ 
ergy  transfer  efficiency. 


CONCLUSION 

We  have  outlined  the  nature  of  an.  extremely  efficient 
collisional  stabilization  process  involving  intermediate  com¬ 
plexes  of  some  considerable  extent.  We  also  suggest  that 
complexes  which  might  be  characterized  by  a  diffuse  excited 
state  electron  density,  may  be  present  in  several  environ¬ 
ments.  The  implication  of  the  present  results  may  be  broader. 
The  extent  of  interaction  of  high  temperature  molecular  com¬ 
plexes,  as  they  form,  can  considerably  exceed  that  which  we 
normally  associate  with  collisional  stabilization  and  energy 
transfer  processes.  High  temperature  molecules  in  electroni¬ 
cally  excited  states  or  in  high  vibrational  levels  of  their 
ground  electronic  states  simply  are  capable  of  much  longer 
range  interactions.  An  understanding  of  the  formation  and 
interaction  of  these  species  must  contribute  to  our  ability  to 
control  the  behavior  of  systems  operating  under  extreme 
conditions.  A  neglect  of  these  phenomena  in  models  of  com¬ 
bustion  or  propulsion  systems  renders  these  models  unreal¬ 
istic. 
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APPENDIX:  ESTIMATION  OF  VIBRATIONAL  AND 
ROTATIONAL  TEMPERATURES  FOR  THE  SrCI  X 
GROUND  ELECTRONIC  STATE  (RGURE  9) 

Using  molecular  constants  from  Huber  and  Herzberg,^^  a 
suitable  set  of  Franck-Condon  factors  was  calculated,  using 
standard  techniques,^  for  the  routionless  RKR  potentials^  of 
the  C  ^Si/2  and  the  C  ^n,/2-X  electronic 

transitions  of  the  SrCl  molecule.  We  considered  only  the  first 
ten  vibrational  levels  of  each  sute.  The  rotational  constants, 
B,,  were  extrapolated  for  the  upper  and  lower  sutes 
(Bi~0.098,  Bj~0.102)  from  known  data  on  the  well 
characterized  Group  HA  monohalides.  Vibrational  (o’, 
y*=0-9)  and  rotational  distributions  (y',/''=0- 19)  corre¬ 
sponding  to  temperatures  of  450K  were  imposed  on  the 
ground  and  electronic  state  components  of  the  doublet  and 
^1  transitions  to  the  ten  lowest  ground  state  vibrational  levels 
were  considered.  The  resulting  simulated  spectrum  was  also 
smoothed  to  simulate  a  finite  bandwidth  instrument  response 
and  facilitate  comparison  with  the  experimental  results. 
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ABSTRACT 


Resonant  two  photon  ionization  and  laser  induced  fluorescence  spectra  of  the  Si,  H  ^2^  - 
X  'Sg  transition  are  presented  The  ionization  behavior  of  several  H  ^2'  vibrational  levels  is 
investigated  using  KrF  excimer  and  Nd  YAG  laser  4th  harmonic  radiation,  The  results  of  these 
studies  are  employed  to  tightly  bracket  the  silicon  dimer  ionization  potential  (7.9-8. 1  eV).  This 
evaluation  is  discussed  in  relation  to  previous  estimates  of  the  Si,  ionization  potential  reported  in 


the  literature. 


INTRODUCTION 


Not  surprisingly,  the  study  of  the  structures  and  properties  of  small  silicon  clusters  has 
been  an  extremely  active  area  of  current  research  interest''",  principally  because  of  silicon’s 
importance  in  both  ilindamental  and  applied  science.  The  discovery  of  emissive  nanometer-scale 
silicon  clusters  has  further  heightened  this  interest^  Within  this  framework,  the  measurements 
reported  by  Fuke  et  al.  in  a  recent  studyr  of  the  ionization  potentials  for  silicon  clusters,  Si„  (n  =  2 
-  200),  were  surprising  in  that  they  suggested  that  the  silicon  dimer  ionization  potential  was  in 
excess  of  8.5  eV,  considerably  higher  than  previous  evaluations  given  in  the  literature^".  This 
most  recent  result,  in  concert  with  the  dimer  ionization  potentials  evaluated  from  experiment ’■" 
and  theory^  suggests  values  ranging  from  at  least  7.3  to  in  excess  of  8.5  eV,  although  the  more 
recent  results  of  Trevor  et  al.'®  and  Heath  et  al."  establish  a  lower  bound  of  7.87  eV  for  the 
ionization  potential  The  evaluation  of  Fuke  et  al.*  is  consistent  with  this  lower  bound,  however  it 
disagrees  with  a  recent  value  of  s  8  04  ±  0. 13  eV  given  by  Boo  and  Armentrout®,  who  obtained 
their  estimate  from  their  measured  value  of  the  enthalpy  of  formation  of  Si;  and  the  JANAF 
enthalpy  of  formation  of  Sij.  The  ionization  potential  provides  an  important  link  to  the 
understanding  of  molecular  electronic  structures,  chemical  reactivities,  and  dissociation  processes 
and  also  serves  as  a  sensitive  probe  of  the  accuracy  of  theoretical  calculations  which  extend  from 
the  evaluation  of  small  silicon  clusters  to  surface  modeling.'^  Thus  the  substantial  range  of 
I.  P.  values  for  even  the  simplest  silicon  molecule  is  a  source  of  concern.  In  this  report,  we 
summarize  studies  of  the  dimer  ionization  potential  using  a  combination  of  resonant  multiphoton 
ionization  techniques  (similar  to  those  recently  applied  to  Agj'^)  to  closely  bracket  the  Si, 


ionization  potential 


EXPERIMENTAL  EVALUATION  OF  THE  Si,  IONIZATION  POTENTUL 

Experimental 

The  apparatuses  which  we  have  used  to  evaluate  the  Si,  ionization  potential  have  been 
described  in  our  previous  studies  of  Ag,  ionization  dynamics’^  and  in  our  studies  of  metal  cluster 
oxidation Briefly,  the  data  we  report  was  obtained  from  the  Nd:  YAG  pumped  dye  laser 
induced  fluorescence  (LIF)  of  oven  produced  Si,  and  resonant  two  photon  ionization  (R2PI)  of 
supersonically  cooled  dimers  formed  from  pulsed  (Nd:YAG)  laser  vaporization.  The  higher 
temperature  oven  based  studies  produced  clusters  at  temperatures  which  allowed  the  observation 
of  an  extended  rotational  structure  in  the  LIF  scans.  R2PI  scans  were  taken  with  both  KrF 
excimer  (5  eV)  and  Nd:YAG  fourth  harmonic  (4.66  eV)  ionization  after  initial  excitation  into  the 
electronically  excited  Si,  H  state.  The  R2PI  excitation  schemes  are  depicted  in  Figure  1.  Here 
color  filters  were  used  to  reduce  the  KrF  excimer  power  so  that  no  non-resonant  ionization  signal 
was  observed.  The  most  abundant  isotope  of  iron  has  the  same  mass  as  the  most  abundant 
isotope  of  Si,  (56  amu).  Iron  is  resonantly  ionized  by  KrF  excimer  radiation,  resulting  in  a  large 
background  signal  component  in  the  Si-*Si^‘  R2PI  spectrum.  Thus,  R2PI  spectra  were  often 
recorded  in  the  less  abundant  Si^‘Si”  or  Si^*Si"  mass  channels  to  expedite  the  evaluation  of 
silicon  dimer  spectra  at  a  reasonable  signal  to  noise  level. 

Results 

Figure  2  depicts  LIF  and  R2PI  spectra  for  the  H  -  X  transition  of  Sij.  The 
spectra  were  obtained  using  pulsed  LIF  of  oven  generated  Sij,  and  R2PI  of  the  dimers  generated 


4 


from  a  pulsed  laser  vaporiaation  source  The  R2PI  spectmm  results  from  the  KrF  excimer 
ionization  of  Si  Si  ,  leading  to  a  shift  in  the  bandhead  energies  between  the  LIF  (Si“Sr*)  and 
R2PI  spectra  The  shift  results  from  the  isotope  effect  A  close  examination  of  the  magnitude  of 
the  isotope  shifts  reveals  that  the  accepted  vibrational  numbering  of  the  H  state  is  incorrect" 
(lowest  level  observed  in  absorption  studies  is  V  =  1  and  not  v'  =  0  as  previously  assumed") 

However,  this  has  little  effect  on  the  following  discussion  other  than  to  alter  the  numbering 
quoted  for  the  H  state  vibrational  levels. 

The  Si-*Si^°  H  (v’  =  3)  -  X  (v"  =  0)  transition  lies  at  24841  cm*'  or  3.08  eV.  As  Figure  2 
demonstrates,  a  5  eV  KrF  laser  photon  is  capable  of  producing  ionization  in  Si,  from  the  H  (v'  = 

3)  level.  This  implies  an  Sij  ionization  potential  less  than  8.08  eV  (See  Figure  1,  R2PI  scheme 
(a)).  Although  the  v*  =  2  level  of  the  H  state  is  not  observed  in  the  R2PI  spectrum,  it  is  not 
certain  that  this  observation  results  from  insufficient  energy  to  produce  ionization.  Ionization 
from  the  V  -  2  level  is  energetically  allowed  using  an  ArF  excimer  laser  (6.4  eV).  However,  the 
apparent  lowered  ionization  efficiency  from  the  H  '2;  state  using  ArF  radiation  provides  an 
insufficient  signal  so  that  we  might  observe  the  less  intense  (2,  0)  and  (3,  0)  vibrational  transitions 
In  any  case,  an  upper  bound  is  established  for  the  Si^  ionization  potential. 

Figure  3  depicts  LIF  and  R2PI  spectra  obtained  after  excitation  of  the  higher  energy  H  (v' 

=  8)  -  X  (v"  =  0)  transition.  Here,  both  KrF  and  Nd:YAG  fourth  harmonic  (4.66  eV)  ionization 
were  attempted  in  a  R2PI  framework  (See  also  Figure  1,  R2PI  schemes  (b)  and  (c)).  The 
similarity  between  the  LIF  and  KrF  R2PI  scans  is  evident  as  an  H  (v* »  8)  associated  signal  is 
observed  in  both  scans.  The  Si”Si^  mass  channel  was  monitored  in  the  R2PI  spectra  so  that  a 
direct  comparison  with  the  depicted  LIF  spectrum  could  be  made.  Thus,  the  small  peaks  to  the 


blue  of  the  V  -  8  transition  region  in  the  KrF  R2PI  scan  result  from  fluctuations  in  the  iron  atom 
contaminant  levels 

The  R2PI  spectrum  associated  with  the  H  (v'  =  8)  -  X  (v"  =  0)  transition  is  readily 
obtained  using  KrF  ionization.  The  vertical  arrow  in  Figure  3  locates  the  bandhead  of  the  H  state 
V  =  8  level  at  26150  cm’'  or  3.24  eV.  The  Nd:YAG  laser  fourth  harmonic  at  4  66  eV,  however, 
is  of  insufficient  energy  to  produce  ionization  from  the  v'  =  8  level  (Figure  I,  R2PI  scheme  (c)) 
This  implies  a  lower  bound  of  7  9  eV  (3.24  +  4.66  eV)  for  the  ionization  potential  of  Si,.  If  it 
were  possible  to  observe  the  H  state  vibrational  excitation  necessary  to  allow  ionization  by  founh 
harmonic  radiation,  a  closer  bracketing  of  the  Si,  ionization  potential  could  be  achieved. 

However,  predissociation  of  the  Si,  H  state  prevents  the  clear  observation  of  levels  higher  than  v' 
=  8.  This  is  evidenced  in  Figure  4  where  LIF  reveals  the  H  (v'  =  8)  -  X  (v"  =  0)  transition  clearly 
while  only  a  broad  fluorescence  is  observed  in  the  v’  =  9  wavelength  region,  signaling  the  clear 
onset  of  predissociation.  The  calculated  position  for  the  H  (v*  =  9)  -  X  (v"  =  0)  transition  is 
indicated  in  the  figure  Franck-Condon  factors  calculated  for  the  H-X  transition  (using  the  new 
vibrational  numbering)  reveal  that  the  (9,  0)  transition  has  a  larger  Franck-Condon  factor  than  the 
(8,  0)  transition,  yet  only  the  broad  fluorescence  (whose  shape  is  determined  primarily  by  the  laser 
dye  curve  and  not  the  Si,  absorption)  is  observed 
Discussion 

The  experimental  results  which  we  have  obtained  in  this  study  for  the  first  time 
experimentally  bracket  the  Si,  ionization  potential  between  7.9  and  8.08  eV.  This  bracketing  does 
not  account  for  field  ionization  efferts,  which  have  previously  been  shown  to  be  of  importance  for 
the  accurate  determination  of  ionization  potentials*^.  While  field  ionization  was  not  explicitly 


studied  here,  the  electric  fields  present  in  the  time-of-flight  mass  spectrometer  only  raise  the 
ionization  potential  upper  bound  by  ~  120  cm'*  to  8. 1  eV.  The  determined  I.  P.  range  is  in 
agreement  with  the  lower  bound  established  by  Trevor  et  al.'®  and  Heath  et  al."  who  observed 
that  F,  excimer  laser  photons  are  of  insufficient  energy  to  produce  a  single  photon  ionization  of 
Si,,  thus  establishing  an  I.  P.  in  excess  of  7.87  eV.  Our  measurements  also  agree  with  the  I.  P. 
value  reported  by  Boo  and  Armentrout’  from  the  enthalpy  of  formation  of  Si;  (8.04  ±  0. 13  eV) , 
and  with  the  most  recent  theoretical  prediction  of  Curtiss  et  al.*  (7.94  eV)  using  the  G2 
theoretical  procedure 

The  7.9  to  8. 1  eV  range  established  by  our  ionization  potential  measurements  is,  however, 
in  distinct  disagreement  with  the  conclusions  of  Fuke  et  al.*  Using  stimulated  Raman  scattering 
techniques  to  generate  7.46,  7.97,  and  8.49  eV  photons,  Fuke  et  al.  report  that  even  an  8.49  eV 
photon  does  not  possess  sufficient  energy  to  single  photon  ionize  Si,.  This  assertion  is  based  on 
the  very  small  Si,  signals  observed  when  146  nm  (8.49  eV)  radiation  is  used  as  an  ionization 
source  in  their  time-of-flight  mass  spectrometer.  However,  a  close  examination  of  Fuke  et.  al 's 
Figure  5  (which  shows  no  dimer  signal  for  7.46  eV  ionization)  reveals  a  small  but  noticeable 
dimer  ion  peak  with  7.97  eV  ionization,  consistent  with  the  current  bracketed  values. 
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FIGURE  CAPTIONS 


Figure  1  Resonant  two  photon  ionization  schemes  for  Si,.  Schemes  (a)  and  (b)  use  KrF  excimer 
ionization  from  the  Si,  H  '2‘  (v'  =  3)  and  (v'  =  8)  vibrational  levels.  Scheme  (c)  depicts 
attempted  Nd  :  YAG  4th  harmonic  ionization  of  the  H  (v’  =  8)  level.  See  text  for  discussion 

Figure  2;  LIF  and  R2PI  spectra  of  the  Si,  H  ^2'  (v’  =  2-5)  -  X  (v"  =  0)  transitions.  The  R2PI 
spectrum  was  obtained  in  the  Si-*Si^®  mass  channel  to  reduce  background  noise  caused  by  KrF 
resonant  ionization  of  iron  atoms  in  the  Si**Si-*  mass  channel.  The  shift  in  the  bandhead  energies 
between  the  LIF  and  R2PI  spectra  is  caused  by  the  isotope  effect.  The  higher  temperature  of  the 
oven  produced  clusters  results  in  the  observation  of  an  extended  rotational  structure  See  text  for 
discussion. 

Figure  3:  LIF  and  R2PI  spectra  of  the  Sij  H  (v*  =  8)  -  X  ^2'  (v"  =  0)  transition  KrF  excimer 
radiation  produces  ionization  from  the  H  (v'  =  8)  level,  whereas  Nd;YAG  4th  harmonic  does  not 
Features  marked  by  an  asterisk  (*)  in  the  KrF  R2PI  spectrum  result  from  fluctuations  in  the 
background  signal  caused  by  KrF  resonant  ionization  of  iron  atoms.  The  R2PI  spectrum  was 
recorded  in  the  Si**Si'*  mass  channel  to  provide  a  direct  comparison  to  LIF  spectra.  See  text  for 
discussion 

Figure  4:  LIF  spectrum  in  the  wavelength  region  of  the  Sij  H  ^2;  (v'  =  8-9)  -  X  ^2‘  (v"  =  0) 
transitions.  While  the  transition  to  the  (v'  =  8)  level  is  clearly  visible,  predissociation  obscures  the 
transition  to  the  (v*  =  9)  level.  The  calculated  position  of  the  H  (v*  =  9)  -  X  (v"  =  0)  transition  is 


indicated  in  the  figure  See  text  for  discussion, 
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Abstract 

Laser  induced  fluorescence  and  resonant  two  photon  ionization  techniques  have  been 
combined  to  study  the  H  state  of  Si2.  A  measurement  of  the  isotope  induced  bandhead  shifts 

reveals  that  the  previously  accepted  vibrational  numbering  of  the  H  state  is  incorrect. 
Revised  molecular  constants  based  on  the  new  vibrational  numbering  scheme  are  T,  =  24151.86 
cm-‘,  o>,  =  279.28  cm*‘,  &),Xe  =  1  99  cm'*,  B,  =  0. 17255  cm'*,  and  a,  =  0.00135  cm'*.  Lower 
bound  measurements  of  the  H  radiative  lifetime  (Pj  ~  1 500  mTorr)  are  reported.  Resonant 
two  photon  ionization  of  the  H  state  has  allowed  the  bracketing  of  the  Sij  ionization 
potential  between  7.9  and  8. 1  eV. 
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Introduction 

Although  Downie  and  Barrow  (1)  first  observed  the  flame  emission  spectrtim  of  silicon 
dimer  in  1947,  the  first  extensive  study  of  the  dimer  was  carried  out  by  Douglas  in  1955  (2). 
Using  an  electric  discharge  through  silane,  Douglas  was  able  to  identify  two  band  systems 
associated  with  the  X  *2,',  D  H  and  L  electronic  states.  No  absolute  vibrational 
numbering  was  obtained  for  either  of  the  states  active  in  the  H  -  X  transition. 

However,  as  outlined  in  Fig.  1,  the  transitions  observed  by  later  investigators  (3.4)  were  used  to 
modify  the  relative  numbering  scheme  used  by  Douglas  and  to  determine  a  suggested  absolute  H 
and  X  state  vibrational  numbering.  Douglas  was  also  the  first  to  suggest  that  an  abrupt 
termination  of  the  H  X  band  system  following  the  most  intense  emission  features  observed  in 
the  spectrum  resulted  fi'om  predissociation. 

In  examining  the  absorbing  products  of  the  flash  photolysis  of  phenyl  and  bromosilane, 
Verma  and  Warsop  (1)  observed  several  additional  Sij  excited  state  band  systems  and  transitions 
fi-om  the  lowest  vibrational  level  of  the  ground  electronic  state  to  the  H  state.  While  their 
observations  allowed  an  absolute  vibrational  numbering  for  the  X  ^2,'  ground  state  to  be 
established,  a  relative  numbering  was  still  necessary  for  the  H  ’2y'  state  (whose  predissociation 
was  also  noted).  Verma  and  Warsop  observed  a  vibrational  level  one  quanta  higher  in  the  H 
state  than  did  Douglas,  although  this  level  was  difilise  and  appeared  to  be  homogeneously 
perturbed.  Like  Douglas,  Verma  and  Warsop  suggested  that  the  Sij  ground  electronic  state 
corresponded  to  a  (aj3s)^(a„3s)^(o,3p)^(7t„3p)^^lectron  configuration,  while  the  H  state  was 
associated  with  the  promotion  of  a  jr„  electron  to  form  the  (Og3s)^(o„3s)^(Oj3p)^(7i„3p)‘(nj3p)' 
valence  configuration.  This  suggestion  was  later  confirmed  in  ab  initio  calculations  performed 
by  Peyerimhofif  and  Buenker  (^,  who  assigned  the  H  state  as  the  lowest-lying  ^2,'  state  of  Si2. 
As  noted  by  Verma  and  Warsop,  the  H  state  dissociates  into  and  ‘D  products,  while  the  X  *2,’ 
ground  state  dissociates  to  two  ^P  ground  state  silicon  atoms.  The  predissociation  of  the  H  state 
provides  an  upper  bound  for  the  ground  state  dissociation  energy  of  approximately  3.2  eV,  in 
close  agreement  with  the  thermodynamic  measurements  (©  of  the  ground  state  bond  energy. 
Thus,  the  H  state  predissociation  likely  results  firom  an  interaction  with  a  state  arising  fi-om  the 
same  limit  as  the  ground  state  dissociation  products. 
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In  1971,  Dubois  and  Leclercq  (4)  reported  the  observation  of  several  new  vibrational 
bands  of  the  Si2  H  -  X  band  system,  again  observed  in  the  absorption  from  silane 

discharges.  Dubois  and  Leclercq  observed  an  H  state  vibrational  level  one  quanta  lower  in 
energy  than  that  observed  by  Douglas  (2)  (Fig.  1),  and  it  was  assumed  that  this  vibrational  level 
was  indeed  the  v  =  0  level  of  the  H  state.  This  observation  provided  the  basis  for  the 
subsequently  used  H  state  vibrational  numbering.  The  accepted  values  (2)  for  all  H  state 
spectroscopic  constants  (T„  w.,  &>,x«  B,  and  a  J  were  thus  based  upon  the  assumptions  that  the 
H  state  V  =  0  level  had  been  observed. 

In  this  manuscript,  we  demonstrate  the  value  of  combining  mass  selected  (time-of-flight) 
R2PI  spectroscopy  on  cold  Sij  molecules  produced  through  laser  vaporization-adiabatic 
expansion  with  a  correlated  laser  induced  fluorescence  (LIF)  spectroscopy  on  the  entrained  and 
cooled  Sij  molecules  generated  from  an  oven  based  source.  While  the  laser  vaporization- 
supersonic  expansion  and  time-of-flight  mass  spectroscopy  techniques  readily  provide  mass 
selection,  making  isotopic  labeling  simple,  the  oven  based  experiments  allow  the  analysis  of  an 
extensive  rotational  structure.  Here,  we  use  this  combination  to  revise  the  vibrational  numbering 
of  the  H  state.  Revised  molecular  constants  have  been  evaluated  based  on  the  new 
vibrational  numbering  scheme.  The  first  measurements  of  H  ^E„*  fluorescence  lifetimes 
(vibrationally  resolved)  are  presented  and  resonant  two  photon  ionization  through  the  H  ^E„* 
state  is  used  to  establish  an  accurate  bracketing  of  the  Sij  ionization  potential. 

Experimental  Procedures 

High  Concentrations  of  Silicon  Molecules  From  an  Oven-Based  Source 

An  oven  based  configuration  has  been  used  to  produce  silicon  dimers  and  higher  silicon 
clusters  for  LIF  studies.  This  source  configuration,  which  has  been  described  in  detail  elsewhere 
(^,  has  previously  been  applied  in  the  investigation  of  metal  cluster  oxidation  reactions.  In  this 
study,  we  produced  silicon  dimer  using  a  crucible  (Fig.  2)  machined  from  a  high  density  carbon 
rod  (MicroMech  T-6)  and  half-filled  with  high  purity  silicon  powder  (Johnson-Matthey 
Electronics,  99.5%).  The  crucible  was  heated  in  a  well  insulated  configuration  (Fig.  2  zirconia 
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cloth,  felt,  and  tubing-Zircar  inc.,  Florida,  N.Y.)  to  temperatures  ranging  from  1400  to  2000“  C 
using  a  tungsten  basket  heater  (R.  D.  Mathis).  In  order  to  carry  out  this  experiment,  the 
temperature  of  the  basket  heater  was  increased  slowly  to  1300“  C.  At  this  point,  an  even  slower 
heating  cycle  was  instituted  until  the  silicon  melted  (-1380“  C).  This  process  of  slow  heating 
was  used  to  avoid  the  insufScient  outgassing  of  the  silicon  melt  (which  could  lead  to  the 
destruction  of  the  silicon  basket  heater).  Once  sufBciently  outgassed,  the  temperature  of  the  melt 
could  be  raised  more  quickly.  The  crucible  temperature  was  monitored  using  an  optical 
pyrometer  (Leeds  and  Northrup). 

The  basket  heater  and  crucible  were  mounted  between  two  water-cooled  copper 
electrodes  within  a  water  cooled  oven  housing  (Fig.  2).  Carrier  gas  inlets  located  in  the  cap  of 
the  housing  could  be  used  to  create  a  converging  flow  region  at  the  cap.  Silicon  vapor  effusing 
from  the  crucible  was  entrained  in  the  carrier  gas  flow,  its  concentration  increasing  as  the  flow 
converged.  Collisions  between  the  silicon  vapor,  carrier  gas  (typicaUy  helium),  and  housing  cap 
cooled  and  condensed  the  silicon  vapor.  The  temperature  of  the  housing  cap  was  controUed  by 
circulating  water,  liquid  nitrogen,  or  dry  ice  cooled  methanol  (8).  The  flow  of  carrier  gas  and 
silicon  molecules  emerged  from  the  cap  into  the  center  of  the  vacuum  chamber  containing  the 
oven  source,  where  LIF  was  used  to  investigate  the  Si2  H  state.  The  vacuum  chamber  was 
evacuated  by  a  Sergeant- Welch  1397  mechanical  vacuum  pump,  which  allowed  the  attainment 
of  background  pressures  as  low  as  10  mTorr. 

Pubed  Laser  Induced  Fluorescence 

Pulsed  LIF  studies  of  the  Si2  H  state  were  performed  using  a  configuration  modified 
only  slightly  from  that  already  discussed  in  the  literature  (2)-  Fig.  3  depicts  the  experimental 
arrangement  used  for  these  investigations.  Briefly,  a  tunable  (dye)  laser  beam  entered  the 
vacuum  chamber  (containing  the  silicon  oven),  crossing  the  flow  from  the  oven  source  at  a  right 
angle.  The  resulting  LIF  from  the  H  state  was  monitored  by  a  blank  photomultiplier  tube 
(Hamamatsu  R446)  mounted  as  shown  on  the  chamber. 

To  maximize  the  collection  of  the  LIF,  a  2.5"  focal  length  lens  was  used  to  focus  the 
image  of  the  fluorescence  zone  directly  onto  a  slit  in  front  of  the  phototube.  By  scanning  the  dye 
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laser  through  the  H  ^23„‘  -  X  transition  wavelength  region,  a  rotationally  resolved  spectrum 
of  the  H  -  X  transition  was  obtained.  Spectral  calibrations  were  carried  out  using  background 
atomic  fluorescence  features  excited  by  the  dye  laser. 

Dispersed  Laser  Induced  Fluorescence 

Each  Si2  feature  observed  using  the  total  fluorescence  technique  corresponded  to  a  sum 
of  the  fluorescence  signals  to  several  ground  state  levels.  To  observe  the  fi'equency  distribution 
of  the  total  fluorescence  signal,  a  spectrometer  was  used  to  disperse  the  light  originating  at  the 
fluorescence  zone.  With  the  laser  fi'equency  set  on  an  Si2  H  state  resonance,  a  wavelength  scan 
of  the  resulting  fluorescence  was  performed  by  the  spectrometer. 

The  experimental  configuration  for  dispersed  LIF  is  depicted  in  Fig.  4.  A  1  meter 
Czemy-Tumer  spectrometer  (SPEX  Industries  1704)  was  used  to  disperse  the  LIF  which  was 
focused  onto  the  spectrometer  using  a  two  lens  system.  The  first  lens  collimated  the  light  fi'om 
the  fluorescing  Si2  molecules,  while  the  second  focused  the  collimated  light  onto  the  entrance  slit 
of  the  spectrometer.  The  second  lens  was  chosen  in  order  to  match  the  f  numbers  of  the  lens 
system  and  spectrometer.  The  precise  alignment  of  these  lenses,  the  oven  configuration,  and  the 
spectrometer,  was  accomplished  with  a  HeNe  laser  (9(blV  The  focal  lengths  of  the  lenses  and 
the  dimensions  of  the  experiment  are  indicated  in  Fig.  4. 

Laser  Induced  Fluorescence  Data  Acquisition 

The  current  fi’om  the  photomultiplier  tube  monitoring  the  LIF  was  amplified  by  a  20  dB 
video  amplifier  (Comlinear  CLClOO)  prior  to  being  sent  to  a  gated  boxcar  integrator  (Stanford 
Research  SR250).  A  digital  oscilloscope  (Hewlett-Packard  5411  ID)  was  used  to  view  the 
phototube  signal.  Although  attempts  were  made  to  minimize  the  scattered  laser  light  reaching 
the  phototube,  some  scattered  signal  was  always  visible  on  the  oscilloscope.  A  rejection  of  this 
undesireable  scattering  was  accomplished  using  the  appropriate  timing  of  the  gate  fi’om  the 
boxcar  integrator.  In  this  way,  only  the  exponential  decay  of  the  LIF  was  monitored  by  the 
boxcar,  integrated  during  the  gate  time,  and  converted  into  a  DC  output  signal.  The  boxcar  gate 
was  set  to  a  time  Just  after  the  dye  laser  firing,  this  procedure  resulting  in  the  rejection  of  most  of 
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the  scattering  signal.  However,  the  photomultiplier  tube  current  did  not  immediately  return  to  its 
zero  level  after  the  laser  fired,  thus  introducing  some  small  scattering  signal  into  the  LIF  scans. 
This  manifested  itself  in  the  observation  of  a  background  dye  output  curve  visible  only  in  scans 
of  weak  fluorescence  features.  The  averaging  of  the  boxcar  integrator,  the  analog  to  digital 
conversion  of  the  boxcar  output  voltage,  and  the  control  of  the  laser  scans  were  accomplished  in 
the  same  manner  as  that  described  for  recent  studies  of  the  resonant  multiphoton  ionization  of 
silver  dimer  (9(bL10V 

Resonant  Two  Photon  Ionization 

Resonant  two  photon  ionization  (R2PI)  studies  of  silicon  dimer  were  performed  using  the 
precise  experimental  configuration  employed  previously  in  our  study  of  the  resonant 
multiphoton  ionization  of  Agj  (10).  Some  further  discussion  of  this  experimental  configuration 
is  presented  in  a  following  section. 

Results 

Laser  Induced  Fluorescence  •  Oven  Based  Conflguration 

A  pulsed  LEF  spectrum  of  the  H  *-  X  ’S,"  transition  is  presented  in  Fig.  5.  Here,  the 
fi’equency  mixed  output  fi'om  a  Nd;  YAG  pumped  pulsed  dye  laser  (operating  with  DCM  laser 
dye)  was  used  to  excite  Sij  molecules  produced  fi'om  an  oven  source.  The  resulting  fluorescence 
was  monitored  using  a  Hamamatsu  R446  photomultiplier  tube.  Transitions  originating  fi’om  the 
lowest  two  vibrational  levels  (v"  =  0  and  1)  of  the  X  ’2,*  state  to  five  H  ^2„'  vibrational  levels  (v* 
=  2-6)  are  depicted  in  the  figure.  While  the  rotational  features  associated  with  the  (v’,v")  *  (6,0) 
and  (5,0)  transitions  are  well-resolved,  the  (4,0),  (3,0),  and  (2,0)  bands  are  overlapped  by  the 
(6,1),  (5,1),  and  (4,1)  features.  Crucible  temperatures  in  excess  of  1500  C  were  required  to 
obtain  a  silicon  vapor  pressure  sufiScient  to  produce  the  necessary  concentration  of  Si2.  Flow 
conditions  which  raised  the  vacuum  chamber  pressure  to  1500  mtorr  were  required  to  maximize 
the  silicon  dimer  fluorescence  signal.  The  spectrum  in  Fig.  5  was  also  used  to  outline  regions  for 
the  dispersed  LIF  studies  which  will  be  the  subject  of  the  following  discussion.  These  dispersed 
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fluorescence  results  will  be  described  in  concert  with  our  consideration  of  the  H  state  vibrational 
numbering. 

An  expanded  view  of  the  H  (v'  =  6)  -  X  (v"  =  0)  fluorescence  is  shown  in  Fig.  6,  where 
the  individual  P  and  R  branches  of  the  rotational  structure  are  denoted.  The  depicted  spectrum 
was  calibrated  using  the  iron  atomic  fluorescence  features  visible  in  the  figure.  The  measured 
rotational  line  energies  were  reproducible  to  within  ±0.35  cm*‘.  A  transition  belongs 

strictly  to  Hund’s  coupling  case  b  (H )  so  that  the  quantum  number  N  labels  the  observed 
rotational  transitions.  Each  rotational  feature  in  the  figure  is  composed  of  three  separate 
components  corresponding  to  the  three  vectorial  combinations  of  the  N  vector  and  the 
projections  of  the  total  spin  vector  S.  These  components,  J  =  N,  N-1,  and  N  +  1,  are  not  resolved 
in  the  spectrum  of  Fig.  6.  For  a  S  -  2  transition,  the  selection  rule  AN  =  ±1  thus  results  in  the 
formation  of  the  P  (AN  =  -1)  and  R  (AN  =  +1)  branches. 

From  the  labeling  of  the  rotational  structure,  it  is  immediately  obvious  that  only  odd 
numbered  rotational  lines  are  present  in  the  fluorescence  spectrum.  Symmetry  constraints, 
associated  with  the  zero  nuclear  spin  of  the  “Si  atom  and  the  ^2,*  ground  state  of  silicon  dimer, 
result  in  the  population  of  only  odd  numbered  ground  state  rotational  levels  (for  “Si“Si  f2.3>V 
For  each  N  level  observed,  a  fit  of  the  measured  features  in  Fig.  6  (using  the  appropriate 
combination  difference  expressions  (ID)  allowed  an  evaluation  of  the  3^  and  3^"  rotational 
constants  for  the  upper  and  lower  state  vibrational  levels  associated  with  the  electronic 
transition.  The  average  measured  3v  value  (0. 163  cm*‘)  compares  favorably  with  the  3v  value 
calculated  using  the  H  state  rotational  constants  3,  and  a,  determined  fi’om  earlier  absorption 
experiments  (0. 164  cm  ‘)  (2.3.4).  Table  I  lists  the  observed  and  calculated  rotational  level 
energies  for  the  H  ^2„‘  (v*  =  6)  X  *2,*  (v"  =  0)  transition.  The  calculated  energies  listed  in 
Table  I,  which  effectively  reproduce  the  observed  rotational  energies,  were  obtained  using  the 
previously  accepted  vibrational  nmnbering  and  constants  (7).  As  will  be  demonstrated,  however, 
the  vibrational  numbering  used  to  obtain  these  constants  was  incorrect,  necessitating  their 
revision. 

A  consequence  of  the  large  difference  between  the  H  ’2u‘  and  X  ^2,'  rotational  constants 
(0. 164  cm'*  vs  0.238  cm'*)  is  the  virtual  absence  of  a  bandhead  structure  in  Fig.  6.  The  expected 
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turn-around  in  the  R  branch  for  the  H  -  X  (6,0)  transition  occurs  at  the  N  =  2  rotational  level. 
For  ^Si^*Si  the  N  =  0  and  2  levels  are  not  populated.  Therefore  the  R  branch  simply  begins  at 
N  =  1 .  As  indicated  in  Table  I,  the  first  line  encountered  on  the  high  energy  side  of  the  H  (v'  =  6) 
-  X  (v"  =  0)  transition  is  the  R(l)  line.  This  behavior  persists  throughout  the  vibrational  bands 
investigated  in  the  current  study.  The  rapid  turnaround  of  the  R  branch  has  important 
implications  for  the  character  of  an  observed  R2PI  spectrum  and  the  measurement  of  the  isotope 
shifts  which  we  describe  in  a  foUowing  section. 

H  Lifetime  Measurements 

Using  pulsed  dye  LIF,  we  have  determined  the  vibrationally  resolved  radiative  lifetimes 
for  several  of  the  lowest  levels  of  the  Sij  H  electronic  state.  Fig.  7  depicts  the  exponential 
decay  of  the  fluorescence  following  excitation  of  the  P(7)  line  of  the  H  (v*  =  6)  *-  X  (v"  =  0) 
transition.  The  initial  scattering  signal  resulting  fi-om  the  firing  of  the  laser  is  apparent  in  the 
figure,  followed  by  the  signal  resulting  fi'om  the  fluorescence  of  the  v*  -  6  level  of  the  H  ’Eg' 
state.  For  reliable  data  coUection,  sixty-four  averages  were  performed  on  this  fluorescence 
waveform  using  a  Hewlett-Packard  541 1  ID  digital  oscilloscope.  The  depicted  waveform  was 
stored  in  the  oscilloscope  memory  and  subsequently  transferred  through  IEEE-488 
communications  to  an  I.B.M.  compatible  computer  for  further  storage  and  analysis.  The 
measured  lifetimes  given  in  Table  n  were  obtained  through  least  squares  fitting  of  the  observed 
waveform  to  a  single  exponential  function  (using  the  program  Peakfit  fi’om  Jandel  Software). 
Each  vibrational  level  was  pumped  via  a  P(3)  to  P(7)  transition. 

As  is  apparent  fi’om  Table  n,  the  lifetimes  of  the  lower  vibrational  levels  of  the  H  ’Ey' 
state  were  determined  to  be  near  100  nanoseconds  at  Pto^i  =  1500  mTorr.  Because  these  lifetime 
measurements  were  carried  out  at  an  elevated  pressure,  collisional  deactivation  should  lead  to  a 
shortening  of  the  measured  lifetimes.  Thus,  these  values  must  be  regarded  as  lower  bounds  for 
the  H  state  fluorescence  lifetimes.  The  measured  H  (v*  -  5)  lifetime  of  120ns  may  signal  the 
perturbation  mixing  of  this  level  with  a  longer-lived  electronic  state.  The  isotope  shift  data 
which  we  consider  in  a  following  section  also  displays  an  anomalous  behavior  for  the  v*  =  5 
level. 
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Resonant  Two-Photon  Ionization  Spectroscopy  of  Sij 

We  have  employed  R2PI  spectroscopy  to  determine  the  absolute  vibrational  numbering 
of  the  silicon  dimer  H  state  and  to  bracket  the  dimer  ionization  potential.  A  laser 

vaporization  cluster  source,  time-of-flight  mass  spectrometer,  and  pulsed  laser  system  (9.101 
were  combined  to  accomplish  this  study.  A  silicon  rod  (Metron,  99.999%  purity,  1/2  inch 
diameter)  provided  the  target  sample  in  a  pulsed  valve  nozzle  assembly,  with  helium  .serving  as 
the  carrier  gas.  Both  stainless  steel  and  aluminum  nozzle  assemblies  were  used  to  house  the 
sample  rod  and  provide  a  channel  for  cluster  nucleation.  The  use  of  the  aluminum  nozzle 
assembly  was  preferred  in  mass  selected  studies  of  silicon  dimer  because  the  most  abundant 
isotopes  of  iron  and  Si2  have  the  same  atomic  mass,  56  amu.  Iron  atoms  are  resonantly  ionized 
by  KrF  excimer  radiation,  leading  to  a  large  background  signal  in  the  Si2  mass  channel.  The  use 
of  the  aluminum  nozzle  assembly  (rather  than  the  iron-rich  stainless  steel  assembly)  reduced  this 
iron  atom  contamination  significantly,  though  it  did  not  remove  it  entirely. 

The  resonant  two  photon  ionization  spectroscopy  of  was  implemented  using  the 
techniques  which  have  been  described  in  detail  in  the  literature  f9.10V  The  gate  fi-om  a  boxcar 
averager  was  adjusted  to  coincide  temporally  with  one  of  the  Si2  isotopic  mass  channels.  Laser 
radiation  fi-om  a  Nd:YAG  pumped  pulsed  dye  laser  system  was  used  to  excite  Si2  molecules  into 
the  H  excited  electronic  state,  with  subsequent  ionization  accomplished  by  photons  fiom  an 
excimer  laser  or  the  Nd;  YAG  laser  fourth  harmonic.  Both  pump  and  ionization  laser  powers 
were  adjusted  so  that  each  laser  alone  produced  no  dimer  signal.  Figure  8  depicts  exemplary 
R2PI  spectra  obtained  for  the  H  -  X  transition  of  the  three  dominant  Si2  isotopes.  The 

shift  in  vibrational  energies  due  to  the  isotope  effect  is  evident.  The  output  fiom  the  Nd;  YAG 
pumped  pulsed  dye  laser,  operating  with  DCM  laser  dye,  was  fiequency  mixed  with  the 
Nd;  YAG  fundamental  to  provide  the  appropriate  energy  photons  to  excite  several  H  state 
vibrational  levels.  Radiation  fiom  an  excimer  laser,  operating  with  an  ArF  gas  mixture  (193 
nm),  ionized  the  excited  state  dimer  molecules.  The  spectrum  in  Fig.  8  shows  a  progression 
originating  fiom  the  lowest  vibrational  level  of  the  ground  electronic  state  of  the  internally  cold 
silicon  dimer  molecules  to  several  excited  state  vibrational  levels.  The  ready  identification  and 
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assessment  of  the  nature  of  this  spectrum  is  facilitated  by  the  mass  selectivity  of  the  R2PI 
process  and  the  cross  correlation  of  the  sparse  R2PI  with  extensive  LIF  spectra. 


Comparison  of  R2PI  and  LIF  Spectra 

The  appearance  of  spectra  obtained  using  the  R2PI  of  supersonically  cooled  Si2 
molecules  differed  dramatically  from  those  obtained  using  the  LIF  of  oven  produced  Sij.  In  Fig. 
9,  R2PI  and  LEF  spectra  of  the  Sij  H  -  X  transition  are  compared.  The  R2PI  spectrum 
results  from  the  monitoring  of  the  “Si^Si  isotopic  mass  channel.  Whereas  an  extended 
rotational  structure  is  clearly  visible  for  the  LIF  scan,  only  the  bandheads  are  visible  for  the  R2PI 
scan.  The  difference  in  the  rotational  temperatures  for  the  laser  vaporization  produced 
adiatically  expanded  and  oven  produced  silicon  dimer  molecules  can  be  shown  to  account  for  the 
difference  in  appearance  of  the  R2PI  and  LIF  features. 

From  the  relationship  for  the  distribution  of  rotational  levels,  the  maximum  intensity  in  a 
rotational  distribution  is  reached  at  a  rotational  level  (11) 


kT 


\  2Bhc 


2 


(1) 


The  value  of  increases  with  increasing  temperature,  as  does  the  total  number  of  rotational 
levels  populated.  As  opposed  to  the  LIF  spectra  of  oven  produced  Si2,  the  bandhead  region 
represents  the  most  intense  spectral  feature  in  the  R2PI  spectrum  of  supersonically  cooled  Sij.  A 
comparison  with  the  LIF  spectra  suggests  that  the  maximum  intensity  rotational  transitions 
observed  in  the  R2PI  spectra  can  be  associated  with  no  greater  than  the  N”  =  3  rotational  level. 

A  =  3  (or  for  the  Sij  X  state)  implies  a  rotational  temperature  close  to  8K  (as  one  might 
expect  for  an  efScient  supersonic  expansion).  While  the  Sij  molecules  produced  in  the  oven 
source  were  cooled  by  collisions  with  the  entraining  carrier  gas,  the  extent  of  cooling  was  far 
less  than  that  achieved  in  a  supersonic  expansion.  The  maximum  intensity  of  the  bands  observed 
in  the  LIF  spectroscopy  of  oven  produced  silicon  dimer  was  typicaUy  reached  near  N  =  21-25, 
implying  a  rotational  temperature  of 300  -  450  K.  Rotational  temperatures  of  this  magnitude 
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demonstrate  the  degree  of  thermalization  achieved  in  the  carrier  gas  flow,  since  the  required 
temperature  of  the  Si  vapor  was  achieved  with  i  1500K  to  produce  a  sufBcient 
concentration  for  the  efiBcient  detection  of  silicon  dimer.  While  the  production  of  low 
temperature  molecules  for  spectroscopy  is  often  desirable  to  simplify  spectral  analysis,  a 
combination  of  moderate  and  low  temperature  spectroscopy  clearly  reveals  more  information 
than  either  technique  alone. 


Isotope  Shift  Measurements  and  the  Absolute  Vibrational  Numbering  of  the 

SUte 

Although  spectra  involving  several  vibrational  levels  of  the  H  ^2,*  state  of  Sij  have  been 
observed  previously,  no  absolute  numbering  for  the  vibrational  levels  could  be  established 
before  this  study.  The  spectroscopic  constants  now  employed  for  Sij  are  based  upon  the 
assumption  that  the  absorption  to  the  lowest  observed  vibrational  level  of  the  H  ^E„'  state 
corresponded  to  the  v  =  0  level  (Fig.  1).  Using  the  isotope  effect,  we  demonstrate  that  this 
assumption  is  incorrect  and  establish  an  absolute  numbering  for  the  H  state  vibrational  levels. 
Vibrational  and  rotational  constants  are  then  corrected  for  the  new  numbering  scheme, 
establishing  a  final  set  of  spectroscopic  parameters. 

For  an  electronic  transition  fi-om  the  ground  electronic  state,  the  observed  fi-equencies  of 
the  energy  levels  for  two  isotopes  are  given  by 


V  =  V 


wl( 


-  co';(v".  i) 


+  CO 


n  fi  ,  f,  1  »  2 

eXe(^  *  Tt) 


(2) 


and 


Vg  *  po);(v'  ♦  1)  -  p2Q;Xe(v'  ♦ 
-  pc^liv"  *  j)  *  pV;Xe(v"  - 


(3) 


where  p  is  given  by  the  usual  relation  involving  isotopes  and  reduced  masses. 
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and  represents  the  zeroth  order  energy  (in  cm'*)  of  the  electronically  excited  state.  The 
magnitude  of  the  shift  in  vibrational  level  frequencies  measured  for  two  different  isotopes  of  the 
same  molecular  species  will  be  given  by 


V  -  V  . 
1 


-  (1  -  p)q;(v' .  1)  -  (1  -  p2)Q;xL(v' * 

-  (i  -  P)Qjv"  *  j)  *  (1  -  P^)C0"Xe('^"  ♦ 


(5) 


where  the  isotope  shift  increases  as  the  excited  state  vibrational  excitation  increases.  Setting  v" 

=  0  in  this  equation  (since  the  transitions  observed  using  R2PI  all  originate  in  the  lowest 
vibrational  level  of  the  ground  state)  and  solving  for  v*  yields 

{i-p)G);±v^ 

v'  =  -  ,  (6) 

2(1  -  P^)QeXe 

where 

Z  =  [(1  -  P)qJ2 

-  4[1  -  P^IqXI  j(l  -  p)<  -  jd  -  P")<Xe^  V  -  V,]  . 

Thus,  the  measurement  of  the  difference  in  vibrational  frequencies  (v  -  Vj)  for  a  given 
vibrational  level  may  be  used  to  calculate  the  absolute  numbering  (v*)  for  the  vibrational  quanta 
of  the  level. 
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Fig.  10  depicts  a  high  resolution  scan  for  a  single  vibrational  level  observed  in  the  56,  57 
and  58  amu  mass  channels  for  the  H  -  X  transition.  The  measured  isotopic  shifts  are  indicated  in 
the  figure.  The  onset  of  the  bandhead  for  a  given  vibrational  level  serves  as  a  measure  of  the 
position  of  the  level,  as  indicated  by  the  vertical  dashed  lines  in  the  figure.  Although  the  most 
accurate  value  for  the  position  of  a  vibrational  band  is  given  by  the  origin  of  the  band  (determined 
from  the  rotational  structure),  the  onset  of  the  H  state  bandhead  provides  an  excellent 
approximation  given  the  lack  of  a  rotationally  resolved  R2PI  spectrum  (9(b}).  The  rapid  reversal 
of  the  R  branch  rotational  structure  implies  that  the  band  origin  and  bandhead  are  of  similar 
energies. 

Substitution  of  the  measured  shifts  from  Fig.  10  into  the  vibrational  level  equation  (Eq.  7) 
reveals  that  the  depicted  level  is  the  v  =  4  level  of  the  H  state.  The  vibrational  numbering 

scheme  used  previously  (4,7)  labels  this  level  as  v  =  3.  In  Table  HI,  the  bandhead  positions 
measured  for  several  vibrational  levels  are  listed  as  well  as  the  calculated  and  previously  used 
vibrational  numbering.  An  examination  of  the  table  reveals  that  the  previously  accepted 
vibrational  numbering  for  the  H  state  was  incorrect.  One  vibrational  level,  labeled  v  =  4  in 
the  old  scheme  and  v  =  5  using  the  new  numbering,  deviates  significantly.  Interestingly,  the 
lifetime  of  this  level  is  measured  to  be  20%  longer  than  other  nearby  levels  (120  ns  vs.  100  ns).  A 
perturbation  like  those  seen  to  effect  other  H  state  vibrational  levels  could  easily  explain  this 
observed  deviation. 

Correction  of  the  Sij  H  Spectroscopic  Constants 

The  new  vibrational  numbering  for  the  H  state  necessitates  a  revision  of  the  accepted 
spectroscopic  constants.  Table  IV  lists  the  old  and  new  spectroscopic  constants  for  the  H 
state,  while  Table  V  catalogues  calculated  vibrational  energies  using  the  old  and  new  constants 
Because  the  previously  accepted  H  state  vibrational  numbering  and  constants  accurately  predict 
the  observed  H  -  X  transition  energies,  these  earlier  constants  may  be  simply  updated  to  account 
for  the  correct  vibrational  numbering.  The  previously  accepted  (7)  H  state  constants  calculated 
by  Dubois  and  Leclercq  (4)  were  based  upon  a  vibrational  numbering  (v-1)  rather  than  the  correct 
numbering  v.  Accounting  for  this  discrepancy  in  the  vibrational  energy  equation  given  by 
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1  1 

V  =  *  Qjv  *  -)  -  CO^Xe  { ^  ^  (8) 

reveals  that  the  new  constants  and  <«)eXl”^0  are  given  in  terms  of  the  old  constants 

(T,,  fa).,  and  fa).Xe)  by 

ytneK)  ^  y  -  Q  -  CO  X 

e  e  e 

^  263^X.  (9) 

=  (o^x,. 


A  similar  correction  applied  to  the  effective  rotational  constant  equation 


B 


=  B 


a.iv  ,  -) 


(10) 


yields  the  corrected  rotational  constants 

B  =  B  *  (X 

•  •  e 


(11) 


The  additional  significant  figure  in  the  revised  value  for  B.  clearly  does  not  imply  an  increased 
accuracy  for  the  new  constants  but  is  necessary  to  reproduce  the  previously  determined  (2)  H 
state  Bv  values.  Since  the  new  constants  are  based  upon  a  reevaluation  of  the  previously  accepted 
constants  (7),  the  error  associated  with  the  new  values  is  that  of  the  old  constants.  However, 
previous  reports  (2.  3.  4)  quote  no  error  analysis  for  the  H  state  spectroscopic  constants.  A 
comparison  of  the  observed  and  calculated  rotational  level  energies  listed  in  Table  I  provides 
some  insight  into  the  accuracy  of  the  old  and  new  constants. 


13 


Laser  Spectroscopy  of  Silicon  Dimer 


Dispened  Laser  Induced  Fluorescence 

The  most  dramatic  demonstration  of  the  effects  of  the  corrected  vibrational  numbering 
and  constants  can  be  observed  when  simulating  dispersed  LIF  spectra.  Figures  1 1(a)  and  1 1(b) 
depict  spectra  associated  with  dispersed  LIF  from  the  H  state  (v*  =  5)  and  (v*  =  6)  levels 
respectively.  Also  depicted  are  spectra  simulated  using  both  the  old  and  new  spectroscopic 
constants.  The  Nd;YAG  pumped  pulsed  dye  laser  system,  operating  near  3940  A  or  3900  A,  was 
employed  to  excite  a  low  rotational  level  of  either  the  H  *-  X  (5,0)  or  (6,0)  transition.  The 
resulting  fluorescence  was  dispersed  to  obtain  features  associated  with  transitions  from  the  H 
state  (v*  *  5)  or  (v*  =  6)  level  to  several  ground  state  vibrational  levels.  The  (v*  =  5)  DLIF 
spectrum  was  obtained  at  approximately  10  A  resolution.  The  scan  was  digitized  by 
incrementing  the  spectrometer  wavelength  in  1  A  steps  between  data  points.  The  (v*  =  6) 
spectrum  was  observed  at  a  lower  30  A  resolution  while  the  scan  wavelength  was  increased  in 
S  A  steps.  The  intensities  of  the  (5,0)  and  (6,0)  transitions  appear  artificially  large  due  to 
scattering  from  the  dye  laser  beam.  Since  only  one  H  state  rotational  level  was  ^cited  in  the 
DLIF  scan,  the  resulting  fluorescence  to  each  ground  state  vibrational  level  simply  consists  of 
the  two  lines  associated  with  the  P  and  R  emissions  from  this  excited  rotational  level.  The 
spectrometer  resolution  was  insufficient  to  resolve  these  two  lines,  and  thus  yielded  a  single  peak 
for  each  vibrational  transition  observed. 

Simulations  of  H  -  X  dispersed  fluorescence  spectra  were  performed  using  both  the  old 
and  new  spectroscopic  constants.  Franck-Condon  factors  calculated  using  each  set  of  constants 
provided  a  relative  intensity  distribution  for  the  simulations.  An  initial  simulation  spectrum  was 
constructed  where  each  transition  between  upper  and  lower  state  vibrational  levels  was 
represented  by  a  single  data  point.  The  intensity  of  each  data  point  was  determined  by  the 
calculated  Franck*Condon  factor.  Each  point  of  this  initial  spectrum  was  then  broadened  by  a  5- 
1 5  angstrom  (FWHM)  Lorentzian  function  to  simulate  the  transmission-resolution  of  the 
spectrometer.  The  degree  of  broadening  introduced  was  determined  by  the  spectrometer 
resolution  for  the  particular  spectrum  being  simulated.  The  Franck-Condon  factors  were 
calculated  using  software  packages  executed  on  an  IBM  RISC  6000  computer  and  the  turning 
points  of  the  excited  and  ground  state  Sij  vibrational  levels  were  calculated  using  the  RKR 
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method  (12).  A  spline  routine  was  used  to  construct  a  curve  representing  the  upper  and  lower 
state  potentials.  Overlap  integrals,  using  wavefimctions  calculated  for  the  vibrational  levels  of 
each  state,  determined  the  Franck-Condon  factors.  Table  VI  lists  the  results  of  the  Franck- 
Condon  factor  calculations  using  the  new  H  state  constants  for  several  H  -  X  transitions. 

The  new  spectroscopic  constants  clearly  reproduce  the  observed  intensity  distributions 
much  more  accurately  than  do  the  old  constants.  For  example,  the  simulation  of  the  emission 
from  the  H  (v*  =  5)  level  (Fig.  1 1(a))  using  the  old  spectroscopic  constants  predicts  large 
intensities  for  the  H  *-  X  (V.v")  =  (5,5),  (5,9),  and  (5, 13)  transitions.  The  simulation  using  the 
new  constants  accurately  predicts  the  small  intensity  of  these  transitions.  Further,  the 
determination  of  additional  spectroscopic  constants  for  the  H  and  X  ^2,'  states  should 
improve  the  quantitative  agreement  between  the  simulated  and  observed  intensities. 

Determination  of  the  SUicon  Dimer  Ionization  Potential 

Several  researchers  over  the  years  have  attempted  to  measure  (6.13-16)  and  calculate 
(17-19)  the  Sij  ionization  potential.  From  the  earliest  electron  impact  studies  (^  (which  may 
have  been  plagued  by  low-lying  metastable  states)  to  the  more  recent  photoionization  studies,  the 
determined  IP  values  have  ranged  from  7.3  ($)  to  in  excess  of  8.49  eV  (1^.  Several  of  the  most 
recent  attempts  to  bracket  the  Si2  IP  using  photoionization  techniques  (13.14.16)  have  yielded 
only  lower  bounds. 

In  the  present  study,  ionization  from  the  Si2  H  state  was  investigated  using  both  KrF 
excimer  and  Nd:  YAG  laser  4th  harmonic  radiation  (5.0  eV  and  4.66  eV  photons,  respectively). 
Fig.  12  depicts  the  R2PI  schemes  which  have  been  used  to  closely  bracket  the  Si2  IP.  Fig.  13 
depicts  a  R2PI  spectrum  of  the  H  X  ’2,'  transition  obtained  using  the  pulsed  laser 

vaporization  cluster  source  and  the  time-of-flight  mass  spectrometer.  The  output  from  the 
frequency  mixed  Nd:YAG  pulsed  dye  laser  was  used  to  excite  various  vibrational  levels  of  the  H 
^2g‘  state  which  were  subsequently  ionized  using  KrF  excimer  radiation.  The  depicted  spectrum 
was  recorded  in  the  ^Si^Si  mass  channel  to  avoid  the  high  background  signal  in  the  ^Si^Si 
mass  channel  associated  with  the  KrF  resonant  ionization  of  iron  atoms.  Color  filters  (Schott 
BG24)  were  installed  in  the  excimer  laser  beam  path  to  reduce  the  laser  power  and  prevent 
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observ  ation  of  a  nonresonant  Sij  ionization  signal.  Ionization  by  the  5  eV  KrF  excimer  photons 
was  clearly  observed  for  H  state  vibrational  levels  as  low  as  v*  =  3.  The  “Si^’Si  H  (v*  =  3)  -  X 
(v"  =  0)  transition  lies  at  24841  cm'*  or  3.08  eV,  implying  a  silicon  dimer  ionization  potential  of 
less  than  8.08  eV  (see  Fig.  13,  R2PI  scheme  (a)). 

The  H  (v*  =  2)  -  X  (v"  =  0)  transition  was  not  observed  in  the  R2PI  spectrum.  However, 
it  was  not  possible  to  clearly  establish  whether  this  observation  resulted  from  an  insufBcient 
energy  to  produce  ionization.  Ionization  from  the  H  (V  =  2)  level  is  energetically  allowed  for  a 
single  ArF  excimer  photon  (6.4  eV).  However,  an  apparent  lower  ionization  efficiency  for  ArF 
ionization  from  the  Si2  H  state  resulted  in  an  insufficient  signal  to  allow  the  clear  observation  of 
the  less  intense  (2,0)  vibrational  level  transition.  Thus,  no  comparison  between  ArF  and  KrF 
excimer  laser  ionization  of  the  H  (v*  =  2)  level  could  be  made.  Nevertheless,  the  upper  bound  for 
the  dimer  I.  P.  of  8.08  eV  was  firmly  established  by  the  KrF  ionization  spectrum. 

Figure  14  depicts  LIF  and  R2PI  spectra  obtained  for  the  higher  energy  H  (v*  =  8)  *-  X  (v" 
=  0)  transition.  Here,  KrF  excimer  (5.0  eV)  and  Nd:  YAG  4th  harmonic  (4.66  eV)  lasers 
provided  the  second  photon  for  the  R2PI  experiments  (Fig.  13,  R2PI  schemes  (b)  and  (c)).  The 
similarity  between  the  LIF  and  KrF  ionization  R2PI  scans  is  evident,  as  the  H  (V  =  8)  -  X  (v"  = 
0)  transition  is  readily  observed  in  both.  For  the  KrF  R2PI  scan,  the  ”Si”Si  mass  channel  was 
monitored  so  that  a  direct  comparison  with  the  LIF  scan  could  be  depicted.  The  small  peaks 
located  at  slightly  shorter  wavelengths  than  the  H  (v*  =  8)  X  (v"  =  0)  transition  in  the  KrF  R2PI 
scan  thus  result  from  fluctuations  in  the  resonantly  ionized  iron  atom  background  signal. 
However,  the  H  (v*  =  8)  -  X  (v"  =  0)  transition  was  readily  reproducible  using  a  KrF  based  R2PI. 
The  bandhead  of  the  H  (v*  =  8)  *-  X  (v"  =  0)  transition  was  located  at  26150  cm'*,  or  3.24  eV,  as 
is  indicated  in  Fig.  14  by  the  vertical  arrow.  The  figure  cleariy  indicates  that  Nd;  YAG  4th 
harmonic  radiation  is  not  of  sufficient  energy  to  produce  ionization  from  the  V  =  8  level  (Fig.  13, 
R2PI  scheme  (c)).  This  implies  a  lower  bound  of  7.9  eV  (3.24  +  4.66  eV)  for  the  ionization 
potential  of  Si}. 

The  observation  of  higher  lying  H  state  vibrational  levels  using  Nd;YAG  4th  harmonic 
ionization  could  have  resulted  in  even  tighter  bracketing  the  Si2  ionization  potential.  However, 
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the  predissociation  of  the  Sij  H  state  prevented  the  clear  observation  of  levels  higher  than  v'  =  8 

(20). 

The  preceding  results  bracket  the  Si2  ionization  potential  between  7.9  and  8.08  eV.  This 
bracketing  does  not  account  for  field  ionization,  demonstrated  to  be  important  in  the  previous 
determination  of  the  Agj  ionization  potential  (JO).  While  this  field  ionization  was  not 
specifically  studied  for  Si2,  the  electric  fields  present  in  the  time-of*flight  mass  spectrometer  can 
raise  the  ionization  potential  upper  bound  by  only  120  cm'*  to  8. 1  eV.  Therefore,  the  ionization 
potential  of  Sij  lies  between  7.9  and  8.1  eV  (20). 

The  measured  ionization  potential  range  for  Si2  (7.9  -8.1  eV)  is  in  agreement  with  the 
previous  lower  bound  established  for  the  dimer  I.  P.  by  Trevor  et  al.  (14)  and  Heath  et  al.  (H), 
who  noted  than  an  F2  excimer  photon  (7.87  eV)  was  of  insufiScient  energy  to  single  photon 
ionize  Si2.  The  ionization  potential  estimate  of  Boo  and  Armentrout  (H)  (s  8.04  ±  0. 13  eV)  also 
falls  within  this  measured  range,  as  does  the  most  recently  calculated  dimer  I.  P.  value  (Curtiss  et 
al.  (7.94  eV)  (19)).  However,  the  lower  bound  established  by  Fuke  et  al.  (16)  does  not  agree 
with  the  current  bracketing.  Fuke  et  al.  (16)  used  stimulated  Raman  scattering  to  generate  7.46, 
7.97,  and  8.46  eV  photons,  which  were  subsequently  used  to  ionize  ^con  clusters.  These 
researchers  suggested  that  even  an  8.46  eV  photon  was  of  insufiScient  energy  to  single  photon 
ionize  Si2.  While  the  reason  for  the  discrepancy  in  these  ionization  potential  measurements  is 
unclear,  it  is  interesting  to  note  that  in  Fuke  et  all’s  Fig.  5,  no  dimer  signal  is  observed  for  7.46 
eV  ionization.  However,  a  small,  but  noticeable  dimer  ionization  peak  is  revealed  for  7.97  eV 
ionization,  consistent  with  the  measured  I.  P.  range  determined  in  this  study. 

Acknowledgements 

We  wish  to  express  our  appreciation  to  Dr.  Richard  Oldenborg  of  Los  Alamos  National 
Laboratory  for  allowing  us  the  use  of  the  Lambda-Physik  EMG102  racimer  laser.  The  support 
of  the  Army  Research  OfiBce  through  grant  number  DAAH04-93-G-0195  is  also  greatly 
appreciated. 


17 


Laser  Spectroscopy  of  Silicon  Dimer 


References 

1.  A.  R.  Downie  and  R.  F.  Barrow,  Nature  160.  198  (1947). 

2.  A.  E.  Douglas,  Can.  J.  Phys.  31,  801-810  (1955). 

3.  R.  D.  Verma  and  P.  A  Warsop,  Can.  J.  Phys.  41,  152-161  (1963). 

4.  I.  Dubois  and  H.  Leclercq,  Can.  J.  Phys.  42,  3053-3054  (1971). 

5.  S.  D.  Peyerimhoflf  and  R.  J.  Buenker,  Chem.  Phys.  72,  111-1 18  (1982). 

6.  J.  Drowart,  G.  De  Maria,  and  M.  G.  Inghram,  J.  Chem.  Phys.  22. 1015-1021  (1958), 
G.  Verhaegen,  F.  E.  Stafford,  and  J.  Drowart,  ibid.  4Q,  1622-1628  (1964). 

7.  K.  P.  Huber  and  G.  Herzberg,  "Molecular  Spectra  and  Molecular  Structure", 

(Van  Nostrand  Reinhold,  New  York,  1979),  Vol.  IV. 

8.  (a)  R.  Woodward,  P.  N.  Le,  M.  Temmen,  and  J.  L.  Gole,  J.  Phys.  Chem.  £1, 
2637-2645  (1987).  (b)  J.  L.  Gole,  in  "Advances  in  Metal  and  Semiconductor 
Clusters",  edited  by  M.  A  Duncan  (JAI,  Greenwich,  1993),  Vol.  1,  p.  159-209. 

9.  (a)  H.  Wang  and  J.  L.  Gole,  J.  Chem.  Phys.  2S,  93 1 1-93 19  (1993).  (b)  C.  B. 
Wmstead,  Ph.D.  Thesis,  The  Georgia  Institute  of  Technology,  June  1995. 

10.  C.  B.  Winstead,  S.  J.  Paukstis,  J.  L.  Walters,  and  J.  L.  Gole,  J.  Chem. 

Phys.  122,  1877-1881  (1995). 

11.  G.  Herzberg,  "Molecular  Spectra  and  Molecular  Structure",  (Van  Nostrand, 
Reinhold,  New  York,  1950),  Vol.  I. 

12.  R.  N.  Zare,  J.  Chem.  Phys.  4Q,  1934-1944  (1964),  and  references  therein. 

G.  Herzberg,  "Molecular  Spectra  and  Molecular  Structure.  I.  Spectra  of 
Diatomic  Molecules",  2nd  ed.  (Krieger,  Malabar,  1989).  J.  L.  Dunham, 

Phys.  Rev.  4L  721-731  (1932). 

13.  J.  R-  Heath,  Y.  Liu,  S.  C.  O'Brien,  Q.  Zhang,  R.  F.  Curl,  F.  K.  Tittel, 
and  R.  E.  Smalley,  J.  Chem.  Phys.  SL  5520-5526  (1985). 

14.  D.  J.  Trevor,  D.  M.  Cox,  K.  C.  Reichmann,  R.  0.  Brickman,  and  A  Kaldor, 

J.  Phys.  Chem.  9L  2598-2601  (1987). 

15.  B.  H.  Boo  and  P.  B.  Armentrout,  J.  Am.  Chem.  Soc.  109.  3549-3559  (1987). 


Laser  Spectroscopy  of  Silicon  Dimer 


16.  K.  Fuke,  K.  Tsukamoto,  F.  Misaizu,  and  M.  Sanekata,  J.  Chem.  Phys.  99, 
7807-7812(1993). 

17.  K.  Raghavachari  and  V.  Logovinsky,  Phys.  Rev.  Lett.  55,  2853-2856  (1985). 

18.  B.  K.  Rao  and  E.  Blaisten-Barojas,  Chem.  Phys.  Lett.  Jifi,  259-262  (1988). 

19.  L.  A.  Curtiss,  K.  Raghavachari,  P.  W.  Deutsch,  and  J.  A  Pople, 

J.  Chem.  Phys.  91  2433-2444  (1991). 

20.  C.  B.  Winstead,  S.  J.  Paukstis,  and  J.  L.  Gole,  "What  is  the  Ionization 
Potential  of  Silicon  Dimer",  Chem.  Phys.  Lett.,  in  press. 


19 


Laser  Spectroscopy  of  Silicon  Dimer 


Figure  Captions 

Figure  1 :  Sij  H  -  X  transitions  and  vibrational  numbering  assign¬ 
ments  used  to  determine  the  previously  accepted  constants  for  the 
H  and  X  electronic  states.  See  text  for  discussion. 

Figure  2:  Oven  configuration  used  to  produce  Sij  molecules.  A  carbon 
crucible  containing  silicon  powder  is  heated  to  temperatures  in 
excess  oflSOOK  using  a  tungsten  basket  heater.  A  carrier  gas, 
typically  helium,  is  used  to  entrain  and  cool  the  oven  produced 
silicon  vapor. 

Figure  3;  Experimental  configuration  used  for  laser  induced  fluorescence 
studies  of  oven  produced  molecules.  A  pulsed  dye  laser  is  used  to 
pump  molecules  produced  by  the  oven  source  into  excited  electronic 
states.  The  resulting  fluorescence  is  imaged  onto  a  slit  and 
detected  by  a  photomultiplier  tube  to  obtain  an  excitation 
spectrum. 

Figure  4;  Experimental  configuration  used  for  dispersed  laser  induced 
fluorescence  studies.  A  two  lens  system  focuses  the  fluorescence 
resulting  fi-om  the  excitation  of  the  H  state  of  Sij  onto  the 

entrance  slit  of  a  spectrometer  which  disperses  the  fluorescence. 

Figure  5:  Laser  induced  fluorescence  spectrum  of  the  Sij  H  -  X  ^2,* 

transition.  An  extended  rotational  structure  is  visible  for 
transitions  fi'om  the  lowest  two  vibrational  levels  of  the  ground 
X  ’2g*  state  to  five  vibrational  levels  of  the  H  ’E„*  state. 

Transitions  are  labeled  (v',v'’).  Features  associated  with  back¬ 
ground  atomic  fluorescence  are  labeled  A*. 

.  Figure  6:  An  expanded  view  of  the  Si2  H  (v*  =  6) «-  X  ^E,*  (v"  *  0) 

transition.  The  P  and  R  branches  of  the  rotational  structure 
are  clearly  visible  labeled  by  the  numbering  scheme  given  at  the 
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top  of  the  figure.  The  symmetry  of  the  Sij  ground  state  implies 
that  only  odd  numbered  rotational  levels  are  observed. 

Figure  7:  Total  fluorescence  resulting  fi-om  the  excitation  of  a  low-lying 
rotational  level  of  the  Si2  H  (v*  =  6)  vibrational  level. 

The  initial  scattering  signal  fi'om  the  excitation  laser  is 
visible  in  the  figure,  followed  by  the  exponential  decay  of  the 
fluorescence. 

Figure  8:  Resonant  two  photon  ionization  spectra  for  the  Si2  H  *-  X  *2,' 
transition  recorded  in  separate  isotopic  mass  channels.  The 
shifts  in  vibrational  energy  levels  caused  by  the  isotope  effect 
are  clearly  visible. 

Figure  9;  Comparison  of  laser  induced  fluorescence  and  resonant  two  photon 
ionization  spectra  for  the  Si2  H  -  X  ^2,*  transition.  The 
higher  temperature  of  the  oven  produced  dimers  allows  the  observa¬ 
tion  of  an  extended  rotational  structure  in  the  LIF  spectrum. 

See  text  for  discussion. 

Figure  10:  An  expanded  view  of  the  isotope  shifts  for  the  Si2  H  ’2a'  (v*  =  4) 
X  ’2g'  (v”  =  0)  transition.  Bandhead  energies  and  measured 
isotope  shifts  are  indicated  in  the  figure.  See  text  for 
discussion. 

Figure  11;  (a)  Comparison  of  experimental  and  simulated  dispersed  fluores¬ 
cence  spectra  for  excitation  of  the  Si2  H  ’2,*  state  v*  =  5 
vibrational  level.  The  simulated  spectrum  obtained  using  the 
corrected  H  state  constants  clearly  reproduces  the  experimental 
data  more  accurately  than  the  simulation  obtained  using  the 
previously  accepted  constants,  (b)  Comparison  of  experimental 
and  simulated  dispersed  fluorescence  spectra  for  excitation  of  the 
H  state  v'  =  6  vibrational  level. 


21 


Laser  Spectroscopy  of  Silicon  Dimer 


Figure  12;  Resonant  two  photon  ionization  schemes  used  to  bracket  the  Si2 
ionization  potential. 

Figure  13;  R2PI  spectrum  of  the  “Si^Si  H  -  X  ’S,'  transition  obtained 
using  KrF  excimer  (5  eV)  ionization.  Ionization  from  the 
H  (v'  =  3)  vibrational  level  is  clearly  observed. 

Figure  14;  LIF  and  R2PI  spectra  of  the  “Si“Si  H  (v*  =  8)  *-  X  *2,* 

(v"  =  0)  transition.  While  ionization  from  the  H  (v*  =  8) 
vibrational  level  is  observed  using  KrF  excimer  (S  eV)  ionization, 
no  R2PI  signal  is  obtained  using  Nd;  YAG  4th  harmonic  (4.66  eV) 
ionization.  Features  marked  with  an  asterisk  in  the  KrF  R2PI 
spearum  correspond  to  fluctuations  in  the  resonantly  ionized 
iron  atom  background. 
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Transitions  Additional  Additional 

First  Observed  Levels  Observed  Levels  Observed 

by  Douglas  by  Verma  and  by  Dubois  and 

(Ref.  2)  Warsop  (Ref.  3)  Leclercq  (Ref.  5) 


Laser 

Beam 


Wavelength  (A) 


3908 


Figure  7 


avelength  (A) 

Figure  8 


:3eX 


3983  3984 


Dispersed  Fluorescence; 
Emission  from  Si2  H(v’  =  5) 


1060 


Dispersed  Fluorescence; 
Emission  from  Si2  H(v'  =  6) 


4440  4760  5080 

Wavelength  (A) 


Figure  12 


VNfeivelength  (A) 


Table  I 


Observed  and  Calculated  Rotational  Energies  for  the 
H  (V'  =  6)  X  (V"  =  0)  Transition 


N 

R  Branch  (cm*'’) 
Calculated  Observed 

P  Branch  (cm"'’) 
Calculated  Observed 

m 

25628.62 

- 

25627.63 

- 

3 

25628.53 

mm 

25626.23 

- 

5 

25627.84 

- 

25624.24 

- 

D 

25626.56 

- 

25621.64 

- 

9 

25624.68 

- 

25618.46 

25618.56 

11 

25622.20 

- 

25614.67 

25614.85 

13 

25619.13 

25619.27 

25610.29 

25610.44 

15 

25615.46 

25615.56 

25605.31 

25605.4 

17 

25611.19 

25611.46 

25599.74 

25600.04 

19 

25606.33 

25606.42 

25593.57 

25594.02 

21 

25600.87 

25601.14 

25586.80 

25587.20 

23 

25594.80 

25595.16 

25579.44 

25579.86 

25 

25588.14 

25588.57 

25571.47 

25571.80 

27 

25580.88 

25581.30 

25562.91 

25563.17 

29 

25573.02 

25573.44 

25553.76 

25554.00 

31 

25564.56 

25564.82 

25544.00 

25544.25 

33 

25555.50 

25555.88 

25533.64 

25533.91 

35 

25545.83 

25546.12 

25522.68 

25523.01 

37 

25535.57 

25535.67 

25511.13 

25511.10 

39 

25524.70 

25525.00 

25498.96 

25499.18 

41 

25513.22 

25513.63 

25486.21 

25486.46 

43 

25501.14 

25501.46 

25472.84 

25473.10 

45 

25488.46 

25488.72 

25458.88 

25459.13 

47 

25475.17 

25475.37 

25444.31 

25444.54 

49 

25461.27 

25461.49 

25429.13 

25429.47 

Table  II 


Fluorescence  Lifetimes  for  the  H  *■  X  Transition 

u  g 


Sij  Lifetimes 

V  T ( ns ) 

2 

101±8 

3 

98±5 

4 

95±5 

5 

120±4 

6 


96±3 


Table  IV 

Comparison  of  Newly  Calculated  and  Previously  Accepted 
Spectroscopic  Constants  for  the  Sij  H  State 


Sij  H  \- 
Constemts 

Previous 

(cm-^) 

Corrected 

(cm"'') 

24429.15 

24151.86 

275.30 

279.28 

C0,Xe 

1.99 

1.99 

B. 

0.1712 

0.17255 

0.00135 


0.00135 


Calculated  Energies  of  Si^  H  State  Vibrational  Levels  -  Corrected  Versus 

Previously  Accepted  H  State  Constants 


26864.90  10  26864.90 
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ABSTRACT 

A  simple  silane  pyrolysis  -  N2O  oxidation  source  which  produces  silicon 
monoxide  metastables  in  a  controlled  and  reproducible  manner  has  been 
developed.  The  SiO  b%  metastable  state  is  formed  in  a  ratio  exceeding  2200 
times  that  of  the  remaining  SiO  excited  states.  This  source  would  appear  to 
allow  the  creation  of  a  long  path  length  meditun  for  the  efficient  energy 
transfer  pumping  of  visible  chemical  laser  amplifiers  and  oscillators.  The 
source  may  also  provide  an  improved  mode  for  the  control  and  efficxent 
monitoring  of  SiO  surface  deposition  processes. 


INTRODUCTION 

Silicon  monoxide  has  gained  wide  acceptance  as  a  thin  film  material  for  a 
large  diversity  of  applications.^  In  complement,  in  the  gas  phase,  the  highly 
exothermic,  high  quantum  yield.  Si  +  N2O  SiO  +  N2  reaction,  which  select" 
ively  produces  electronically  excited  SiO  metastables^*^  in  the  energy  range 
3-3.5  eV,  creates  an  energy  storage  medium  which  can  be  used  to  develop 
chemically  driven  laser  amplifiers  and  oscillators^’^  operating  in  the  visible 
region  of  the  spectrum.  Electronic  population  inversions  are  created  by  means 
of  ultrafast  near  resonant  intermolecular  energy  transfer  from  the  SiO 
metastables.  The  SiO  metastable  storage  states  are  found  to  efficiently  ppmp 
amplifying  receptor  atom  transitions  in  thallium  =  535  nm),^  gallium 
(A  =  417  nm)^  and  sodium  (A  =  569,616,819  nm).^  To  date,  however,  these  gas 
phase  studies  have  relied  on  the  direct  vaporization  of  silicon  from  a  long 
path-length  (''"  5  cm)  oven  source  configuration  followed  by  subsequent 
reaction  to  form  metastable  SiO. 

In  order  to  obviate  the  need  for  a  high  temperature  source  technology  to 
generate  silicon  atoms,  subsequently  oxidized  to  produce  SiO,  we  have  been 
concerned  with  an  approach  for  the  efficient  conversion  of  gaseous  silane 
(SiH4)  to  atomic  silicon  via  a  readily  controllable  thermalization  process. 
However,  the  development  of  a  simple  source  which  produces  SiO  metastables  in 
a  consistent  and  reproducible  manner,  with  minimal  or  non-existent  clustering 
in  the  gas  phase,  also  has  potential  application  to  thin  film  development. 
Further,  with  a  high  yield  gas  phase  metastable  state  production,  forming  a 
species  whose  long-lived  emission  extends  well  into  the  ultraviolet  region, 
the  potential  for  the  direct  in-situ  optical  monitoring  of  the  SiO  concentra¬ 
tion  above  a  deposition  substrate  is  vastly  improved  over  that  of  infrared 
detectors. 

The  spectroscopy  of  the  silicon  monoxide  molecule  has  been  considered  by 
a  number  of  authors.  The  excited  a^S"*",  b^n,  and  A^H  states  of  the  molecule 
have  been  produced  in  the  chemiluminescent  reactions  of  ground  state  silicon 
atoms,  vaporized  directly  from  an  oven  source,  with  03,°  N20‘‘’  and  NO2. 
Limited  studies  of  SiO  spectroscopy  have  also  been  conducted  with  silicon 
produced  through  various  silane  decomposition  routes.  These  studies  have 
utilized  the  electric  discharge  decomposition  of  silane^’^  or  shock  tube 
pyrolysis.®  The  results  obtained  certainly  signal  the  need  for  a  controlled 
silane  based  thermal  decomposition  process  which  neither  produces  clustering^ 
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nor  suffers  from  those  problems  attendant  to  the  control  of  discharge 
configurations . ^ 

In  the  present  study,  the  pyrolysis  of  silane  is  employed  to  create  a 
gas  phase,  readily  reproducible,  metastable  SiO  concentration  in  a  simple  and 
controlled  manner.  Silicon  atoms  formed  in  the  pyrolysis  process  are  reacted 
with  N2O  to  produce  two  excited  states  of  the  SiO  molecule.  In  addition  to 
the  SiO  b^il  metastable  state  (monitored  through  the  SiO  b^H  -  inter¬ 

combination  band  system)  a  much  smaller  component  of  emission  is  also 
-observed  to  eminate  from  the  short-lived  A^n  state  (A^H  -  band  system). 

In  the  following  section  we  outline  our  experimental  approach.  We  then 
consider  the  experimental  observations  as  they  apply  to  the  formation  of  SiO 
metastable  pump  states  and  contrast  the  present  observations  to  results 
obtained  with  a  high  temperature  oven  based  technology.  We  offer  some 
conclusions  on  the  potential  of  the  present  device  as  a  means  to  generate 
useful  and  reproducible  SiO  concentrations. 

EXPERIMENTAL 

The  experimental  configuration  used  in  this  study  is  depicted  in  Figure 
l(a)-(b).  Dilute  silane  is  pyrolized  upon  passage  through  a  ceramic  tube 
heated  to  temperatures  close  to  lOOO^C  and  converted  to  silicon  atoms  which 

are  subsequently  oxidized  (N2O)  to  SiO. 

The  pyrolizer  consists  of  a  high  grade  alumina  or  zirconia  tube  (Coors 
Ceramic)  '^3/8"  O.D.  and  -vl/A"  I.D.  cut  to  a  6"  length.  Approximately  3'  of 
0.020"  tantaltim  wire  (Rembar)  is  wound  onto  a  4”  length  of  the  tube,  leaving 
one  end  free  for  connection  to  a  gas  inlet-Cajon  fitting.  The  wire  wrap  is 
secured  with  a  layer  of  high  temperature  cement  (Cotronics  Corp.  ultra  high 
temp,  adhesive)  which  also  serves  the  important  purpose  of  providing 
electrical  insulation. 

Silane  is  passed,  diluted,  to  the  pyrolizer.  A  typical  silane  dilution 
for  the  present  experiments  is  of  order  one  percent  in  argon,  obtained  by 
mixing  semiconductor  grade  silane  (Matheson  98%)  and  argon  under  preselected 
conditions  through  an  arrangement  of  mass  flow  controllers  (MKS,  Models  247C, 
2159A).  The  flow  controllers  are  calibrated  with  nitrogen  and  the  appropriate 
correction  factors  are  applied  to  generate  the  desired  flows  for  the  silane 
and  argon  as  they  are  mixed  in  a  manifold  prior  to  admission  to  the  pyrolizer. 
The  converted  mixture  enters  the  vacuum  chamber  through  the  pyrolizer. 
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Typical  source  flows  range  from  6  to  15  seem  silane  with  1250  seem  argon. 

It  is  necessary  to  dilute  the  silane  in  order  to  alleviate  the  reaction  of  its 
intermediate  decomposition  products^" with  the  silane  itself  and  to  ensure 
the  complete  dissociation  to  atomic  silicon. 

Oxidant  (N20-Matheson  99.5%)  is  introduced  into  the  pyrolizer  stream 
through  a  separate  nozzle  (Figure  1),  the  intersection  of  the  silane/diluent 
and  N2O  gas  streams  defining  the  reaction  zone.  The  oxidant  flow  is  adjusted 
to  give  a  bright  chemiluminescent  flame.  The  overall  pressure  is  monitored 
with  a  thermocouple  gauge  (Veeco  TG~70)  at  the  top  of  the  vacuum  chamber. 
Assuming  a  correction  for  argon  (the  dominant  gas  in  the  reaction  zone)> 
typical  monitored  pressures  ranged  from  0.5  to  1  Torr.  With  the  high  punning 
speed  employed  in  these  studies,  these  values  are  accurate  to  within  20%.  The 
mixing  zone  of  Figure  1  is  greatly  stabilized  by  a  moderate  sized  (15  cubic 
feet)  ballast  separating  a  150  cfm  pvimp  from  the  reaction  chamber.  In  order 
to  protect  the  viewing  windows  and  ports  from  the  condensation  of  silicon 
oxide,  "self-flushing"  optical  windows^!  were  operated  with  a  protective  argon 

flow. 

A  Im  SPEX  1702  scanning  monochromator  operated  in  first  order  with  a 
Bausch  and  Lomb  1200  groove/mm  grating  blazed  at  5000  A  was  used  to  disperse 
the  chemiluminescence  from  the  reaction  zone.  A  Hamamatsu  1P28  photo¬ 
multiplier  tube  was  used  to  detect  the  dispersed  fluorescence  and  provide  the 
signal  to  a  Keithley  A17  autoranging  picoammeter  whose  output  was  sent  to  a 
personal  computer  for  storage  and  subsequent  analysis.  All  chemiluminescent 

spectra  were  wavelength  calibrated  using  a  mercury  arc  lamp,  silicon,  or 

12 

aluminum  atomic  emission  features. 

DECOMPOSITION  OF  SILANE 

Because  of  its  technological  importance,  an  extensive  literature  has  been 
compiled  on  the  decomposition  of  the  silane  molecule.^  Silane  is  believed 
to  pyrolize  via  a  two  step  process: 

SiH4  -»  SiH2  +  H2  (1) 

SiH2  -»>  Si  +  H2  (2) 

Reaction  (1)  has  received  more  study  since  silylene  (SiH2)  is  thought  to  be  an 
important  silicon  precursor  in  the  vast  majority  of  silicon  deposition 
processes.  However,  both  Rxns.  (1)  and  (2)  must  be  carefully  considered  in 
studying  the  production  of  gas  phase  silicon. 
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For  Reaction  (1),  symmetry  constraints  suggest  that  both  silylene  and  H2 
should  be  produced  in  their  ground  electronic  totally  symmetric  electronic 
states. The  endothermic  dissociation  produces  the  hydrogen  molecule  in  its 
ground  state  due  simply  to  energetics.  The  H2  gro'md  state  resolves  to 

under  the  C2v  point  group  of  silylene.  The  ground  state  of  silylene  is  of 
^ki  symmetry.  If  we  require  that  the  direct  product  of  the  H2  and  SiH2 
symmetries  must  correlate  with  the  grotind  state  of  silane,  we  suggest  that 

SiH2  should  be  in  its  ^Aj  grovind  state. 

Francisco  and  Bames^^  have  argued  that  Reaction  (2)  yields  H2  in  its 
groxand  electronic  state  accompanied  by  an  electronically  excited  silicon 
atom  at  6298.81  cm 

RESULTS  AHD  DISCUSSION 
Observed  fiaission  Spectra 

Figure  2  depicts  the  typical  silicon  monoxide  emission  spectrvim  observed 
when  using  a  zirconia  tube  pyrolizer.  The  SiO  A^IT  -  and  b^Il  -  band 

systems  are  clearly  visible  and  readily  reproduced  with  the  same  emission 
intensity  distribution.  A  moderately  strong  A-X  emission  is  observed  at 
wavelengths  below  2900  X  whereas  stronger  features  associated  with  the  SiO  b  H 
-  X^S'*’  intercombination  band  system  and  the  formation  of  the  metastable  b  II 
state  extend  from  2900  to  3350 

When  an  alumina  tube  pyrolizer  is  used  instead  of  zirconia,  considerable 
changes  are  apparent  in  the  observed  emission.  Figure  3  demonstrates  that  the 
SiO  b^n  -  Xlz+,  Av  =  -1  sequence  ((v',v*')  *  (0,1).  (1,2),  (2,3))  is  obscured 
by  an  emission  corresponding  to  the  ^1)3/2  "*  ^^1/2  ^^5/2, 3/2  '*  ^3/2  atomic 

transitions  of  aluminum.  It  appears  that  a  small  concentration  of  aluminum 
atoms  leached  from  the  alumina  pyrolizer  is  excited  as  the  result  of  a  very 
near  resonant  (see  Table  I)  collision  induced  energy  transfer  involving  the 
metastable  b^n  state  of  SiO.  This  efficient  transfer  allows  the  SiO 
metastables  to  readily  pump  the  aluminum  atom  transitions  demonstrating, 
again,  the  extremely  important  capability  which  has  been  used  to  create  ^ 
population  inversions  among  the  energy  levels  of  atomic  thallium,^  gallium, 
and  sodium. 5  Here,  however,  no  population  inversion  is  created  relative  to 
the  terminal  ^?3l2,ll2  ground  state  levels  of  the  aluminum  atom. 

It  is  surprising  that  no  emission  from  the  SiO  a^B'*’  state  is  observed  in 
this  current  study  as  we  use  the  outlined  pyrolysis  sources  to  produce  the 
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precursor  whose  oxidation  yields  the  SiO  spectmm  depicted  in  Figure  2.  By 
comparison,  the  SiO  spectr\im  (Figure  4),  observed  when  an  oven  based  source  is 
used  to  generate  silicon  atoms,  clearly  indicates  the  SiO  a^S'*’  -  band 

system  to  longer  wavelength  of  the  b^H  -  features.  We  will  consider  this 

result  in  following  discussion. 

Relative  Populations  of  b^n  Metastable  and  A^II  Excited  States 

The  relative  populations  of  the  b^IT  and  states  may  be  estimated  by 
employing  the  relation^ 

3  1  + 

N(b3n)/N(Aln)  =  200  ~  (3) 

KA-^n  -  X  Z  ) 

where  N(b^n,  A^Tl)  and  I(b^n  -  A^n  -  represent  the  populations  of 

the  indicated  states  and  the  monitored  relative  intensities  of  the  corres¬ 
ponding  transitions.  For  the  silane  pyrolysis  used  to  generate  the  SiO 
emission  spectrum  of  Figure  2,  this  ratio  typically  falls  within  the  range 
2200-2500.  This  is  a  very  conservative  estimate.  The  determined  relative 
intensities  are  obtained  through  observation  of  a  limited  reaction  zone 
region.  Because  the  radiative  lifetime  of  the  SiO  A^II  -  X^Z'*'  transition  is 
close  to  iO  ns,^^  emission  from  the  forming  A^II  emitters  should  be  confined 
almost  exclusively  to  the  monitored  reaction  zone.^^  However,  this  is  not  the 
case  for  those  SiO  products  formed  in  the  long-lived  b^Il  excited  state,  most 
of  which  are  lost  by  diffusion  from  the  reaction  zone^^  before  they  are 
detected  via  the  b^n  -  X^Z'*’  intercombination  transition.  The  ratio  we  have 
given  for  N(b^II)/N(A^Il)  can  be  interpreted  as  a  strong  lower  bound  for  the 
branching  ratio. 

The  Lack  of  a  Metastable  Emission 

While  a  clear  explanation  is  not  apparent,  it  is  significant  that  little 

O  I 

if  any  emission  is  observed  from  the  energetically  accessible  a  Z  state  under 
the  conditions  of  the  present  experiment.  As  Figure  4  suggests,  when  a 
substantial  concentration  of  groxmd  state  Si(^P)  atoms  is  available,  both  the 
SiO  b^n  and  a^Z"*"  states  can  be  monitored  through  the  b-X  and  a-X  intercombina¬ 
tion  band  systems  although  the  a^Z"*"  state  is  relaxed  primarily  to  its  v*  =  0 
level.  However,  the  spectrum  of  Figure  4  is  obtained  with  silicon  atoms  in 
the  presence  of  primarily  argon  carrier  whereas  the  spectrum  of  Figure  2  is 
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obtained  in  the  presence  of  silane  and  its  decomposition  products.  The 

3  4* 

latter  environment  may  prove  more  effective  in  quenching  the  a  E  state. 

If  the  silane  decomposition  pathway  outlined  in  Rxns  (1)  and  (2)  yields 
primarily  excited  state  Si  atoms,  the  Si-N20  reaction  would  be  expected  to 
yield  primarily  excited  singlet  state  (A^n)  SiO  product.  If  we  assume  that 


Francisco  and  Bames^^  have  correctly  assessed  the  symmetry  of  the  product 
channels  for  Rxn.  (2),  implying  strictly  singlet  silicon  formation,  the 
population  of  the  b^n  state  is  difficult  to  rationalize  without  invoking  a 
mechanism  involving,  for  example,  intersystem  crossing  from  the  spin  favored 
A^n  state  or  high  vibrational  levels  of  the  ground  electronic  state. 
Alternatively,  the  absence  of  the  a^E'*’  state,  whose  lifetime  must  greatly 
exceed  that  of  the  b^n  state, ^  may  result  from  its  selective  quenching  in  an 


environment  containing  silane  and  its  decomposition  products. 

Hager  et  al.^  discuss  the  possibility  of  intersystem  crossing  from  the  b  H 
to  the  a^E'^’  in  order  to  accoiant  for  the  pressure  dependence  of  their 
observations  of  the  changing  relative  emissions  from  the  SiO  a^E"*"  and  b^n 
states  as  a  function  of  pressure  in  the  2-4  Torr  pressure  range  (primarily 
helium  buffer  gas).  However,  the  absence  of  the  a^E'*’  -  X^E”^  band  system 
suggests  that  this  mechanism  is  not  operative  in  the  present  study  and  that, 
in  fact,  the  a^E'*'  -  X^S'*’  emission  is  readily  quenched  in  the  present  reactive 

environment. 

Hager  et  al.^  employed  a  hollow  cathode  discharge  through  dilute  silane 
to  produce  the  atomic  silicon  for  their  oxidation  studies.  Their  discharge 
configuration  may  promote  a  different  decay  scheme  with  which  are  associated 
distinctly  different  symmetry  constraints  for  the  allowed  states  of  the 
product  silicon  atom.  Further,  their  produced  silicon  atoms  traveled  several 
centimeters  under  higher  buffer  gas  pressures  than  did  those  products  employed 
in  the  present  study  before  reaction  with  N2O.  The  collisional  quenching  of 
excited  state  silicon  may  have  been  significant,  producing  ground  state  P 
silicon  atoms. 


The  Useful  Extrapolation  of  the  Pyrolysis  Configuration 

The  pyrolysis  source  we  have  developed  in  this  study  may  be  useful  not 
only  for  the  formation  of  a  long  path  length  metastable  SiO*  source  to  pump 
atomic  receptors  that  can  be  formed  into  visible  chemical  laser  amplifiers  but 
also  as  a  well  defined  controllable  source  of  SiO  for  thin  film  deposition. 
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In  fact  a  configuration  which  we  are  developing  that  should  serve  both  these 
purposes  is  depicted  in  Figure  5.  Here  we  operate  five  pyrolizers  in  tandum. 
In  order  to  develop  this  source  for  SiO  surface  deposition,  a  future 
consideration  must  be  the  evaluation  of  the  velocity  distributions  from  the 
individual  pyrolyzers. 

The  pyrolysis  source  which  we  have  developed  may  have  distinct  advantages 
over  discharge  sources  in  that  the  results  we  obtain  are  consistent  and 
readily  controllable*  Further,  we  find  little  or  no  evidence  for  clustering 
in  the  region  immediate  to  the  source*  Finally  the  long-lived  SiO  metastable 
emitters  might  be  used  to  distinct  advantage  in  monitoring  a  surface 
deposition  process.  If  the  SiO  b^II  -  emission  is  not  strongly  quenched 

in  the  near  vicinity  of  a  deposition  substrate,  it  can  represent  a  ready  means 
of  detecting  SiO  concentration  gradients  above  the  substrate.  In  other  words, 
we  have  an  in-situ  optical  diagnostic  whose  sensitivity  exceeds  that  in  the 
infrared  by  two  orders  of  magnitude*  This  potential  would  seem  to  be  worth 
further  consideration. 

SUMMARY  AND  CONCLUSION 

The  efficient  gas  phase  decomposition  of  silane  has  been  accomplished 
using  a  simple,  controllable,  pyrolysis  scheme.  The  resulting  gas  phase 
silicon  atoms  have  been  reacted  with  N2O  to  produce  primarily  the  metastable 
b^H  excited  state  of  SiO.  This  source  will  be  useful  to  create  a  long  path 
length  medium  for  the  efficient  energy  transfer  pumping  (via  collisions)  of 
atomic  receptor  atoms  that  can  be  used  to  form  the  amplifying  medium  for  a 
visible  chemical  laser.  Further,  the  source  may  provide  an  additional  mode  of 
control  for  SiO  vapor  deposition  processes  both  in  terms  of  system  stability 
and  in  terms  of  the  enhanced  ability  to  detect  the  SiO  metastable  emitters  in 
the  near  vicinity  of  the  deposition  substrate.  It  remains  to  further  • 
characterize  the  source  by  evaluating  its  velocity  distribution  to  aid  in  the 
evaluation  of  the  potential  uniformity  of  the  deposition  process. 

The  thermolysis  process  strongly  favors  production  of  the  SiO  b^II  to  the 
A^n  excited  state  in  a  ratio  exceeding  2200/1.  Because  only  one  of  the 
energetically  accessible  metastable  triplet  states  is  observed  in  the  present 
study,  the  data  suggest  that  a  symmetry  constrained  process  may  influence  the 
results  of  the  silane  pyrolysis.  This,  however,  will  require  further  study. 
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Table  I 


Near  Resonances  of  SiO*  (b^n  -  and  Select  Aluminxm  Atomic  Transitions 


which  are  Energy  Transfer  Pumped 


SiO(v' ,v") 

Aluminum  Atomic 

Transition 

b-X  Transitions, 

E(cm“^)^ 

^^5/2  ^^3/2  ® 

32324.75  cm"^ 

(0,1) 

(1,2) 

278 

59 

(2,3) 

-163 

2d3/2  2P3/2  @ 

32323.41  cm'l 

(0,1) 

(1,2) 

280 

61 

(2,3) 

-161 

2d3/2  ^  @ 

32435.45  cm"^ 

(0,1) 

(1,2) 

168 

-51 

(2,3) 

-273) 

a.  Molecular  level  energy  -  Atomic  level  energy.  Positive  quantities 
denote  exothermic  energy  transfer. 


Figure  Captions 

Figure  1:  (a)  Ceramic  tube  pyrolizer  and  (b)  schematic  side  and  top  view  of 

reaction  chamber  for  the  study  of  the  silane  based  formation  of 
silicon  monoxide  metastable  excited  states. 

Figure  2:  (a)  Overview  of  SiO  chemiluminescent  emission  spectra  produced  as 

silane  is  pyrolyzed  in  a  zirconia  tube  pyrolizer  to  form  atomic 
silicon  which  subsequently  reacts  with  N2O.  The  SiO  A^II  -  X^2 
and  b^n  -  band  systems  are  apparent  in  the  figure. 

(b)  Closeup  of  b^H  -  X^S"^  intercombination  emission  showing  bands 
labeled  (v' ,v")  where  v'  is  the  upper  state  vibrational  level 


Figure  3: 


Figure  4: 


Figure  5: 


quantum  and  v"  is  the  lower  state  qxiantum  level.  Spectral 
resolution  is  8  See  text  for  discussion. 

Overview  of  SiO  chemiluminescent  emission  spectrum  (note  Figure  2) 


produced  as  silane  is  pyrolyzed  in  an  alumina  tube  pyrolizer  to 
form  atomic  silicon  which  subsequently  reacts  with  N2O.  Here, 


in  addition,  aluminxim  atoms  leached  from  the  pyrolizer  are 
excited  by  energy  transfer.  The  aluminum  *  ^1/2 


^%/2,3/2 
3094  i. 


->  ^P3/2  transitions  are  clearly  visible  at  3083  and 
Spectral  resolution  is  8  See  text  for  discussion. 


Overview  of  SiO  chemiluminescent  emission  spectra  produced  as 


silicon  atoms  obtained  from  an  oven  source  react  with  N2O  to 
produce  the  SiO*  A^n,  b^n,  and  a^E"^  excited  states.  The  A^n  - 
X^E'*’,  b^n  -  X^E'*’,  and  a^E"*"  -  X^E'*'  band  systems  are  apparent  in 
the  figure.  Spectral  resolution  is  8  %.  See  text  for  discussion. 
Tandum  pyrolizer  configuration  to  produce  a  long  path  length  SiO 
metastable  flame.  See  text  for  discussion. 
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